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ABSTRACT 
 
Thermophysical properties of thin film materials are of great importance for thermal 
management in devices including transistors, lasers, sensors, and plasmonic structures. 
In this thesis, I examine the characterization of heat transport in anisotropic materials 
through frequency domain thermoreflectance (FDTR) technique. Firstly, I describe the 
experimental setup and numerical modeling of the FDTR.  Then, I explain the 
development of beam offset frequency domain thermoreflectance (BO-FDTR) and 
frequency domain magneto-optical Kerr effect (FD-MOKE) used to measure the 
anisotropic thermal properties with enhanced sensitivity. Monte Carlo computational 
method is also explained for uncertainty calculations. Finally, the demonstrations of 
measuring in-plane and out-of-plane thermal conductivities, and thermal boundary 
conductance with the metallic layer of anisotropic materials including 2D layered materials 
and printed films made of 2D-materials based inks are discussed. The measured thermal 
properties will be helpful for device applications that take advantage of the promising 
qualities of emerging 2D materials. 
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CHAPTER 1 
Introduction and Background 
 
The thermophysical properties of thin film materials play a significant role in a number of 
technologies, particularly in electronics, optoelectronics, and photonics1–3. These devices 
very often require a high current operation and cause the temperature to rise, which can 
lead to the degradation of the device performance and reliability. Notably, in 
nanoelectronic devices, the heat generated travels through several layers and interfaces 
before reaching a heat sink, and often poor heat conduction in these layers and the 
resistance at the interfaces become a dominant bottleneck for heat transfer from the 
active region to the environment. Additionally, in thermoelectric devices, the 
thermoelectric figure of merit is linearly proportional to the electrical conductivity and 
inversely proportional to the thermal conductivity which is defined as, 𝑧𝑇 =
𝑆2𝜎𝑇
𝐾
, where 𝑆 
is Seebeck coefficient, 𝜎 is the electrical conductivity, 𝑇 is the temperature, and  𝐾 is the 
thermal conductivity. Thus, to get a high thermoelectric figure of merit, a low thermal 
conductivity value is desirable. So, thermal management in nanoelectronics and higher 
efficiency in thermoelectric energy conversion have become a concern for continuing 
progress in the electronics industry and are motivating investigations of thermal transport 
at the nanoscale2,3. Over the last few decades,  significant progress has been made to 
improve the thermoelectric performance by creating nanostructured materials such 
as superlattices, quantum dots, nanowires, and nanocomposites where the reduction in 
thermal conductivity is mainly caused by scattering at defects and interfaces4. Also, 
because of the advancement in technology, several experimental techniques have been 
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implemented to directly characterize the heat transport in bulk materials, thin films, and 
interfaces5–9. However, measuring the thermal properties of anisotropic materials is still 
challenging because of the difficulty with measuring the in-plane thermal conductivity10.  
          In order to optimize heat dissipation problems on devices such as transistors and 
light-emitting devices based on novel anisotropic materials such as graphene and 
hexagonal boron nitride (h-BN), it is essential to characterize anisotropic heat conduction 
as well as boundary conductance of these materials.  This requires new or improved 
measurement techniques. Very recently, printed films made of 2-dimensional materials 
(2D) based inks have also shown promise due to low-cost device fabrication techniques 
and potential applications11–14. To develop devices that are cognizant of the thermal and 
electrical properties of these printed films, it is of paramount importance to understand 
the structure-property relationship, heat and electron transfer mechanisms and to 
determine how electron and heat transport relate in these materials. This thesis describes 
the development of techniques to measure anisotropic thermal properties and direct 
thermal measurements on anisotropic materials and printed films made of 2D materials 
based inks.    
 
1.1 Thermal Boundary Conductance 
 
The thermal boundary conductance (TBC) is the inverse of the thermal boundary 
resistance, also known as the Kapitza resistance15. TBC resists heat flow at the interface 
of a boundary between two materials. When a carrier such as an electron or phonon 
travels through interfaces, it scatters due to different electronic or vibrational properties 
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of two adjacent materials, which causes resistance to heat transfer at the interface. At 
room temperature, the highest measured thermal boundary conductance is 14 ± 3 
GW/m2K16 between Palladium (Pd) and Iridium (Ir)  and the lowest measured thermal 
boundary conductance is 8.5 ± 3 MW/m2K17 between Bismuth (Bi) and Hydrogen-
terminated diamond. 
 
          Thermal boundary conductance is defined as the ratio of heat flux and temperature 
gradient  at the interface of two materials; 
 𝐺 =
𝐽
∆𝑇
 (1) 
 
          The temperature discontinuity is due to the interfacial thermal resistance. In 
electronic devices, the heat dissipation pathway is from the device to the heat sink end to 
the ambient environment, and there are several layers and interfaces involved. The 
resistance at the interfaces can resist efficient heat flow, and so TBC can be the primary 
heat dissipation bottleneck in these devices. To exemplify, the SiO2/Si thermal boundary 
conductance is 28 MW/m2K which is roughly equivalent to the thermal resistance of 52 
nm thick SiO2. Thus poor heat dissipation pathways can lead to the device temperature 
rise and consequently can degrade the performance and reliability of the device. 
Therefore, it is essential to transfer heat quickly from the active region to the environment 
to improve the performance. This means it is urgent to characterize interfaces at the 
device development stage for better efficiency. 
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          There are two widely used theoretical methods based on phonon transport to 
predict the interfacial thermal resistance, the acoustic mismatch model and the diffuse 
mismatch model. 
 
1.1.1 Acoustic Mismatch Model 
 
The AMM model considers a perfect specular interface and the phonons are governed by 
continuum acoustics18.  There is a mismatch in acoustic impedance at the interface 
between dissimilar materials due to the different sound speeds and densities which is 
analogous to the refractive index mismatch between two materials. For  a phonon with 
normal incidence, the transmission probability from side one to side two is18 
 𝑡12 =
4𝑍1𝑍2
(𝑍1 + 𝑍2)2
 (2) 
 
where 𝑍 = 𝜌𝑐 is the acoustic impedances, 𝜌 is the mass density, and c is the 
sound speed.  
       This means according to the AMM, if the boundary is between two materials with 
identical acoustic properties, the transmission probability will be 1 and if there is any 
mismatch, the transmission probability will be decreased. Thus, in the AMM model, since 
the interface has no interfacial effects, the transmission probability is incorrectly predicted.  
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1.1.2 Diffuse Mismatch Model 
 
According to the acoustic mismatch model, there is no scattering at the interface. 
However, in general, high-frequency phonons are scattered from solid surfaces, and the 
effect of phonon scattering at the interface needs to be considered. Swartz in 1987 
proposed the diffusive mismatch model considering the effect of phonon scattering18. 
Diffuse mismatch model considers the interface diffusive which is completely opposite to 
the specular assumption of AMM model and is accurate for interfaces which are rough 
compared to the carrier wavelength. This assumption is particularly valid at near room 
and high temperatures. This model assumes scattering destroys the angular correlation 
between incoming and outgoing phonons. The scattering probability at the interface is 
just proportional to the phonon density of states because the acoustic correlations at 
interfaces are completely destroyed by diffuse scattering. Hence, the transmission 
probability of the phonon at the interface is just proportional to the mismatch between the 
phonon density of states18. For  a phonon, the transmission probability from side one to 
side two is19 
 
 𝑡12 =
∑ ∫ ℏ𝜔𝜈2,𝑗
𝜔𝐷,𝑗
0
3
𝑗 𝐷(𝜔, 𝜈2,𝑗)𝑓𝐵𝐸𝑑𝜔 
∑ ∫ ℏ𝜔𝜈1,𝑗
𝜔𝐷,𝑗
0
3
𝑗 𝐷(𝜔, 𝜈1,𝑗)𝑓𝐵𝐸𝑑𝜔 + ∑ ∫ ℏ𝜔𝜈1,𝑗
𝜔𝐷,𝑗
0
3
𝑗 𝐷(𝜔, 𝜈1,𝑗)𝑓𝐵𝐸𝑑𝜔
 (3) 
 
where j is a particular polarization, 𝜔 is the phonon frequency, 𝜔𝐷 is the cutoff frequency, 
𝜈 is the phonon group velocity, D is the density of states, and 𝑓𝐵𝐸 is the Bose-Einstein 
distribution.  
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Compared to the AMM, Diffuse scattering increases the boundary resistance for identical 
materials and decreases the boundary resistance for different materials18.  
          Both DMM and AMM  are convenient as they provide reference values for 
experimental studies. The predicted value sometimes matches with the experimentally 
measured result and other cases there are discrepancies between theory and experiment 
as both models do not capture the complexity of the interaction between phonons at real 
interfaces. Hence the direct measurement of TBC will better characterize the interfaces. 
 
1.2 Techniques for Thermal Measurement 
 
Due to the significance of thermal properties of materials in a wide range of applications, 
different methods have been implemented to measure the thermal conductivity and heat 
capacity of bulk materials and thin film materials as well as the TBC. These methods can 
be classified into steady-state methods and transient methods. In steady-state 
techniques, the established temperature difference of the material does not change with 
time, whereas in transient techniques usually the signal is studied as a function of time.  
Steady-state techniques include absolute technique, comparative technique, radial heat 
flow method, and steady-state electrical heating methods20. In these techniques, the 
thermal properties are determined by measuring the temperature difference under 
steady-state heat flow across the sample, and the mathematical data analysis is quite 
straightforward. These techniques are most suitable to measure the thermal properties of 
bulk materials. Raman optothermal technique is also in the category of steady-state 
techniques which was introduced by Balandin and coworkers to measure the thermal 
7 
 
conductivity of single-layer graphene21. In this technique, the Raman laser light acts as a 
heat source to cause a local temperature rise which is measured by employing Raman 
thermometry21.  This  technique can lead to inaccuracies due to the errors in accurately 
determining the optical absorption of the sample and heat transfer at the sample 
boundaries. Transient techniques include pulsed power technique, laser flash method, 
hot-wire method, 3ω method, time domain thermoreflectance  (TDTR) and frequency 
domain thermoreflectance (FDTR)20. The advantage of the 3ω method, TDTR and FDTR 
is that these techniques can be applied directly to measure the thermal properties of both 
bulk materials and thin film materials.  
          The  Cahill group first implemented the 3ω method to directly measure the thermal 
properties of thin films and bulk materials5. Although this method can accurately measure 
the thermal properties of bulk materials and low thermal conductivity dielectric films, the 
accuracy is limited for highly thermally conductive layers. The main limitation of this 
method is that modulation frequency is limited at ~100 KHz. This limits the ability to 
characterize heat transport at shallower depth as the thermal penetration depth 𝑙 is 
inversely proportional to the square root of the modulation frequency 𝑓 (𝑙 =  √
𝐾
𝜋𝐶𝑓
, where 
𝐶 is the volumetric heat capacity and 𝐾 is the thermal conductivity). Another limitation of 
this method is that it requires microfabrication for the metallic heater. 
          With the advancement in technology, optical pump-probe techniques such as 
transient thermoreflectance and transient absorption have become popular. In the 
transient thermoreflectance technique, the reflectance is measured which is proportional 
to the surface temperature rise, whereas  in the transient absorption technique, the 
absorption is measured. The transient thermoreflectance techniques are well recognized 
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to measure the thermal conductivity, TBC, and volumetric heat capacity of bulk materials 
and thin films.   These techniques are non-contact optical pump-probe methods including 
TDTR6,7 and FDTR8,22,23. Both methods measure the surface reflectivity with a probe 
beam, which is related to the surface temperature through the principle of 
thermoreflectance. TDTR measures the temperature on the surface of a sample as a 
function of the temporal delay between ultrafast pump and probe pulses, whereas FDTR 
measures the thermal lag on the surface of a sample with respect to the imposed heat 
flux from a modulated laser source. A metallic layer (generally referred to as a transducer) 
is deposited on the surface of the sample whose reflectance changes with surface 
temperature rise. So, the transducer works both as a thermometer and heater. FDTR 
does not require the use of ultrafast lasers, electro-optic modulators and long optical delay 
stages, which makes it cost effective and more straightforward to implement. In both 
methods, the measured response is used to extract the thermal properties of the sample 
by fitting it to the solution of the diffusive heat equation6,7.  
 
1.3 Anisotropy  
 
Anisotropy refers to the direction-dependent property of a material. Depending on the 
heat flow patterns, materials can be isotropic or anisotropic. Heat conduction in isotropic 
materials is independent of the spatial orientation around the heat source, whereas the 
conduction in anisotropic materials varies in different directions. Thermal anisotropy is 
observed in different types of materials, such as 2D layered materials, polymer materials, 
many crystals and nanostructured materials.  
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          The intrinsic thermal properties of 2D materials are highly anisotropic. This is 
mainly because of strong atomic interactions within the basal-plane compared to weak 
Van der Waals attractions along the cross plane direction. For example, graphite is a 
highly anisotropic material with an anisotropy of thermal conductivity on the order of 400 
between the in-plane and out-of- plane direction10. The first experimental studies of the 
thermal conductivity of suspended graphene exfoliated from high-quality highly oriented 
pyrolytic graphite (HOPG) performed through optothermal Raman technique revealed  K 
around 3000 W/mK near room temperature which is above the bulk graphite limit (~2000 
W/mK). The in-plane thermal conductivity of graphene is the highest  in any material24,25. 
This high in-plane thermal conductivity is due to strong covalent sp2  bonding between 
the carbon atoms and relatively small mass of the carbon atom26. Due to the small mass 
of carbon atoms and strong in-plane sp2 bonds of graphene, the phonon group velocities 
of transverse acoustic (TA) phonons and longitudinal acoustic (LA) phonons are very 
high. The measured longitudinal and transverse  phonon group velocities are 𝜈𝑇𝐴 = 13.6 
Km/s and 𝜈𝐿𝐴 = 21.3 Km/s respectively which lead to the high in-plane thermal 
conductivity of graphene27. Polymer materials can also exhibit strong anisotropic thermal 
conductivity. The thermal conductivity of polyethylene nanofibers was found ~ 104 W/mK 
along the chain direction which is due to the restructuring of the polymer chains by 
stretching which is more than 40 times larger than the transverse direction28,29. Isotropic 
materials also often exhibit anisotropy when processed into thin films due to the 
nonhomogeneous grains and defects during crystal growth28. A variety of other bulk and 
nanostructured materials also exhibit anisotropy along different lattice directions such as 
in hexagonal crystals.  
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Understanding the thermal properties of anisotropic materials is essential for a 
number of applications. Although over the last few years remarkable progresses have 
been made, accurately characterizing heat transport remains challenging. Steady-state 
and laser flash methods can measure the thermal properties in a particular direction by 
aligning temperature gradient and heat flux on that direction but require big size samples 
or specific geometry which limits their application28,30–32. Modified 3ω technique can also 
enable anisotropic thermal conductivity measurements but requires complicated micro-
fabrications and materials processing5,28,33. Compared to these techniques, 
thermoreflectance techniques such as FDTR and TDTR are mostly used to perform direct 
measurements on bulk materials and thin films. Typically these techniques are sensitive 
to out-of-plane conduction. In order to enhance sensitivity to in-plane heat transport, 
several methods have been introduced, such as varying optical spot sizes which requires 
realignment of the optics after each measurement9. Beam offset approaches can also 
enhance the sensitivity to in-plane heat transport by probing the surface temperature in 
the radial direction7. Simultaneous measurements of in-plane and out-of-plane thermal 
conductivities as well as thermal boundary conductance of anisotropic materials can 
increase measurement accuracy. This requires further enhancement in experimental 
sensitivity. In this thesis, we have modified  FDTR to enhance sensitivity to anisotropic 
heat conduction which enables direct measurements on emerging anisotropic materials 
which are promising for device applications. 
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1.4 Two Dimensional (2D) Materials 
 
2D materials are crystalline layered materials and often only one atom thick. The 2D 
materials family includes the most promising graphene, hexagonal boron nitride (h-BN), 
black phosphorous (BP), and transition metal dichalcogenides such as Molybdenum 
disulfide (MoS2), Molybdenum diselenide (MoSe2), and Tungsten disulfide (WS2). 
Among the above 2D materials, graphene is superior due to its excellent thermal 
properties, fast electron mobility, and highest mechanical strength, and is also commonly 
used in Van der Waals heterostructures34.  These exceptional properties make graphene 
attractive for a broad range of applications in electronics and optoelectronics devices, 
circuits, photonics to biosensors and solar cells11,34–37. Hexagonal boron nitride (h-BN), 
also referred to as white graphene, has a similar structure and high thermal conductivity 
but it is an electrical insulator. h-BN is very convenient as a dielectric and tunnel barrier, 
as it can be readily integrated with other 2D materials to create heterostructures35. As a 
substrate for graphene devices, h-BN significantly enhances the charge carrier mobility 
and thermal conductivity of graphene which are desirable for high-performance graphene 
devices35,38,39. At room temperature, the thermal conductivity of h-BN supported graphene 
is calculated to be 1,345 W/mK, about twice that of SiO2-supported graphene39. 
Semiconducting layered materials based on transitional metal dichalcogenides 
(TMDs) such as MoS2, WS2, and MoSe2 have also shown attractive qualities for 
applications in electronic, optoelectronic, and spintronic devices40–46. MoS2 is particularly 
attractive in photonics and optoelectronics given the large on-off current ratios in devices 
and layer-dependent bandgap, which is direct for single-layer MoS2, indirect otherwise40–
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42. Monolayer MoS2 exhibits stronger photoluminescence compared to other TMDs. 
However, MoSe2 has a higher electrical conductivity as well as a direct bandgap, which 
is beneficial to applications such as transistors and photodetectors43–45. WS2 has a direct 
band gap of ~2.1 eV with high in-plane mobilities which make it promising for light-emitting 
diodes and optical sensors46. 
          In this thesis, we employ frequency domain thermoreflectance incorporating   
different techniques such as beam offset and Kerr effect to measure anisotropic thermal 
conductivity and TBC simultaneously to a range of 2-dimensional materials with 
enhanced sensitivity which are of interest for novel device applications, including single-
layer graphene, MoS2, few-layer h-BN, and MoS2, and single crystal WS2 and single 
crystal MoSe2.  
 
1.5 Solution Processed (2D) Materials 
 
The research on ink systems of graphene and related 2D materials including TMDs and 
h-BN which can be exfoliated from their parent materials via solution processing, 
promises the same intensity of research as these 2D materials, due to the compatibility 
with flexible substrates, low-cost fabrication, and mass production methods. 
Consequently, these ink systems attract potential interest in various applications, 
particularly in sensors, electronics, optoelectronic devices, and printing technologies11–
13,24,25,47,48. In particular, printed films of such inks could have possible use in thermal, and 
in particular, in thermoelectric applications, where improvement in electrical conductivity 
but not thermal conductivity is required for a higher thermoelectric figure of merit. 
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Solution-processed 2D materials can also provide great flexibility in the creation of 
complex heterostructures by combining different layers which allow controlling the 
electronic, optical and mechanical properties of the resulting materials and can enable 
novel applications. Graphene is also particularly attractive as a nanofiller in composites, 
as it enhances the thermal and electrical properties of the matrix materials due to its 
excellent conduction properties. Solution-processed graphene can be produced easily 
and can be used as a filler on a mass scale.  
          Although several investigations have been done to measure the electrical 
properties of 2D-materials based inks, very little is known about their thermal properties. 
In this thesis, we measure the electrical conductivity and in-plane and out-of-plane 
thermal conductivities of graphene and other 2D-materials thin films produced by ink-jet 
printing of water-based 2D-materials inks13. 
 
1.6 Organization of the Thesis 
 
This thesis consists of 6 chapters. The first chapter provides a  basic introduction about 
thermal boundary conductance, different thermal measurement techniques, thermal 
anisotropy, 2D materials, solution-processed 2D materials and their applications. 
Chapter 2 starts with the description of frequency domain thermoreflectance (FDTR) in 
detail including all the optics used to carry out the measurements, spot size 
measurement, numerical modeling, sensitivity analysis, and Monte Carlo computational 
method for uncertainty calculation. Chapter 3 illustrates the development of beam offset 
frequency domain thermoreflectance (BO-FDTR) used to enhance the sensitivity to in-
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plane thermal transport and thermal measurements on several anisotropic materials. 
Then in chapter 4, I describe the implementation of frequency domain magneto-optical 
Kerr effect (FD-MOKE) which allows us to use a thin magnetic transducer and further 
enhances the sensitivity to lateral heat transport. We measure the anisotropic thermal 
conductivity  of a range of 2D materials as well as TBC by taking advantage of both beam 
offset and MOKE. Chapter 5 presents the thermal conductivity measurements on printed 
films made of graphene, h-BN, and MoS2 based inks. We also observe the effect of 
annealing, thickness dependency on thermal properties of these printed films. Chapter 6 
summarizes the work and provides future direction for thermal studies, particularly for 
anisotropic materials.  
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CHAPTER 2 
Frequency Domain Thermoreflectance (FDTR) 
 
2.1   Overview 
 
Frequency domain thermoreflectance (FDTR) is an optical pump-probe technique used 
to measure the volumetric heat capacity, in-plane and out-of-plane thermal conductivity, 
and thermal boundary conductance of bulk materials and thin films, and it has several 
advantages over time domain thermoreflectance (TDTR). FDTR requires a very smooth 
surface so that light can be reflected back to the detector without distortion. So far, FDTR 
has been successfully used to measure the thermal properties ranging from very highly 
thermally conductive materials like graphite and  graphene, to low conductivity  
amorphous materials like glass. This chapter provides a brief introduction on FDTR, 
including experimental setup and numerical modeling,  comparison with TDTR, spot size 
measurements, and robust uncertainty calculations for fitted values. 
 
 
2.2    Difference Between TDTR and FDTR 
 
FDTR and TDTR are optical pump-probe transient thermoreflectance techniques where 
changes in the reflectance, which are proportional to the surface temperature rise are 
measured after the absorption of a pump laser.  The change in temperature due to the 
pump pulse effects the refractive index of the sample, and hence the reflectivity also 
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changes. The relation between the relative change in reflectivity and the temperature 
change can be approximated to first order as49, 
 
∆𝑅
𝑅
=  (
1
𝑅
𝜕𝑅
𝜕𝑇
) ∆𝑇 = 𝐶𝑇𝑅∆𝑇 (4) 
where 𝐶𝑇𝑅 is the thermoreflectance coefficient (which depends on the sample, wavelength 
of the illuminating light, and the angle of incidence),  R is the illuminated intensity reflected 
from the surface of the sample, and T is the surface temperature. Both methods are well 
recognized for the accuracy of their thermal measurement. The fundamental difference 
between both techniques is that TDTR measures the temperature on the surface of a 
sample as a function of the time delay between ultrafast pump and probe lasers, whereas 
FDTR measures the phase lag between the incident heat flux and the surface 
temperature rise. The main advantage of FDTR over TDTR is that FDTR does not require 
ultrafast lasers, long mechanical delay stages and electro-optic modulators, and thus 
making it straightforward to implement. Additionally, while in TDTR the range of 
modulation frequency is limited, in FDTR the signal can be detected over a wide range of 
frequencies, enhancing the sensitivities to several parameters of interest, allowing  the 
simultaneous determination. In both methods, the measured response is used to extract 
the thermal properties of the sample by fitting it to the solution of the diffusive heat 
equation. 
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2.3   Analytical Modelling  
 
The diffusive heat transport modeling framework  used to determine the thermophysical 
properties of single and layered materials from thermoreflectance measurements is well 
established6,7,9. When the surface of a semi-infinite solid is heated by a periodic point 
source of unit power at angular frequency ω, the frequency domain solution is6 
 𝑔(𝑟) =
𝑒𝑥𝑝(−𝑞𝑟)
−2𝜋𝐾𝑟
 (5) 
and 
 𝑞2 = (
𝑖𝜔
𝐷
) (6) 
where 𝐾 is the thermal conductivity, 𝐷 is the thermal diffusivity, 𝑞 is the heat flux, 
𝑟 is the radial coordinate, and g(r) is radially symmetric.  
The solution for the infinite solid is a factor of 2 that of a semi-infinite solid. The co-
aligned laser beams of TDTR or FDTR experiment have cylindrical symmetry. Hankel 
transforms are used to simplify the convolution of this solution with the distribution of laser 
intensities. The Hankel transform is equivalent to a two dimensional Fourier transform 
with a radially symmetric integral Kernel, and also referred to the Fourier Bessel 
transform. The Hankel transform of 𝑔(𝑟) is6  
 𝐺(ℎ) = 2𝜋 ∫ 𝑔(𝑟)
∞
0
𝐽0(2𝜋ℎ𝑟)𝑟𝑑𝑟  (7) 
 
 𝐺(ℎ) =
1
𝐾(4𝜋2ℎ2 + 𝑞2)1/2
 (8) 
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where 𝐽0 is the zeroth order Bessel function of the first kind, and ℎ is the Hankel 
transform variable. 
The pump beam used in a typical FDTR or TDTR experiment to heat the surface 
of the sample has a Gaussian intensity distribution 𝑝(𝑟), which is6 
 𝑝(𝑟) =
2𝐴𝑝
𝜋𝑤02
𝑒𝑥𝑝(−
2𝑟2
 𝑤02
) (9) 
           where 𝑤0 is the 
1
𝑒2
 radius of the pump laser beam and 𝐴𝑝 is the amplitude of the 
heat absorbed by the sample at frequency 𝜔. 
          The Hankel transform of 𝑝(𝑟) is6 
 𝑃(ℎ) = 𝐴𝑒𝑥𝑝(−
𝜋2ℎ2 𝑤0
2
2
) (10) 
The inverse transform of the product of 𝐺(ℎ) and 𝑃(ℎ) is the distribution of the 
temperature oscillations at the surface of the sample 𝜃(𝑟), which is6 
 𝜃(𝑟) = 2𝜋 ∫ 𝑃(ℎ) 𝐺(ℎ)
∞
0
𝐽0(2𝜋ℎ𝑟)ℎ𝑑ℎ (11) 
          In the thermoreflectance technique, the change in reflectivity is measured by 
changes in the intensity of a reflected probe laser beam which is proportional to the 
surface temperature rise. The probe beam used in a typical FDTR or TDTR experiment 
also has a Gaussian intensity distribution with same or different 
1
𝑒2
 radius. The probe beam 
measures the weighted average of the temperature distribution 𝜃(𝑟), which is6 
 ∆𝑇 =
4
 𝑤12
∫ 𝜃(𝑟) exp (−
2𝑟2
 𝑤12
) 𝑟𝑑𝑟
∞
0
 (12) 
where the 
1
𝑒2
 radius of the probe laser beam is 𝑤1. 
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          This integral over r is the Hankel transform of a Gaussian which leaves a single 
integral over h6 
 ∆𝑇 = 2𝜋𝐴 ∫ 𝐺(ℎ)
∞
0
𝑒𝑥𝑝 (−
𝜋2ℎ2( 𝑤0
2 +  𝑤1
2
2
) ℎ𝑑ℎ (13) 
          The upper limit of the integral can be set to (
2
( 𝑤02+ 𝑤12)1/2
). This equation is 
unchanged by an exchange of the radius of the pump or probe beam6.  
          For a layered geometry, 𝐺(ℎ) of equation (13) can be obtained through an 
iterative procedure developed by Feldman50, numbering the layers  starting from the 
transducer layer at 1n = . Practically, heat cannot reach the other side of this bottom layer 
at rates comparable to the modulation frequency and therefore, 𝐵+ = 0 and 𝐵− = 1 for 
the final/bottom layer6.  
 
1 1
1 1 1
exp( ) 01
0 exp( )2
n n n n n n
n n n n n nnn n
u LB B
u LB B
   
   
+ +
+ +
− −
+ + +
− + −      
=       
− − +      
 (14) 
 
 𝛾𝑛 = 𝐾𝑛u𝑛 (15) 
 u𝑛 = (4𝜋
2ℎ2 + 𝑞𝑛
2) 
1/2
 (16) 
 𝑞𝑛
2 =
𝑖𝜔
𝐷𝑛
=
𝑖2𝜋𝑓
𝐷𝑛
 (17) 
Each layer n is described by three parameters; the thermal conductivity 𝐾𝑛, thermal 
diffusivity 𝐷𝑛, and thickness 𝐿𝑛.  
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Thus for a layered structure, 𝐺(ℎ) in equation (13) is replaced by6 
 
 𝐺(ℎ) = (
𝐵1
+ + 𝐵1
−
𝐵1
− − 𝐵1
+)
1
𝛾1
 (18) 
           For the anisotropic case, 𝛾𝑛 and u𝑛 are defined as
7,  
  𝛾𝑛 = 𝐾⊥,𝑛u𝑛 (19) 
 
 
u𝑛 = (4𝜋
2ℎ2
𝐾∥,𝑛
𝐾⊥,𝑛
+ 𝑞𝑛
2) 
1/2
 (20) 
where, 𝐾⊥,𝑛 and 𝐾∥,𝑛 are cross-plane and in-plane thermal conductivities 
respectively. Thermal boundaries are modeled as layers having  𝐿 = 1 nm, negligible heat 
capacity, and equivalent 𝐾𝑒 = 𝐻𝐿, where 𝐻 is the boundary conductance
6.  
 
2.4   Sensitivity  
 
The sensitivity of the measured phase signal 𝜃 (the phase of the complex temperature in 
eq. (13)) due to a change in parameter 𝑥 is defined as 
 𝑆 =  
𝑑 𝜃
𝑑 ln 𝑥
 (21) 
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Figure 2. 1 depicts the sensitivity to 𝐾∥,  (dash lines) and 𝐾⊥ (solid lines) of (a) Si for the Al 
(50nm) / Si structure and (b) graphite for the Al (50nm) / graphite structure for several RMS spot 
sizes.   
 
The sensitivity to measurements to the parameters of interest, such as 𝐾⊥ , 𝐾∥, and 
TBC depends in a complex way on the thermophysical properties of the layers comprising 
the sample, and insight on which property can be determined through measurement can 
be obtained by analysis of the measurement sensitivity as described below. For the case 
of a high thermal diffusivity thin film (transducer) on a thermally isotropic bulk medium, 
sensitivity to measuring 𝐾⊥ is enhanced at larger spot sizes and higher modulation 
frequencies (small thermal penetration depth), given the 1D out-of-plane isotherms 
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obtained in this regime51,52. The thermal penetration depth is defined as the depth normal 
to the surface at which the amplitude of the temperature is 
1
𝑒
 of its surface temperature. 
On the other hand, when in-plane thermal diffusion length is comparable or larger than 
the laser spot size, the isotherms are more spherical, and heat transport is more 3D, 
allowing for the determination of 𝐾∥. This can be achieved at large spot sizes and low 
modulation frequencies or at high frequencies and small spot sizes. The sensitivity to in-
plane and out-of-plane thermal conductivities of Si for the Al (50nm)/Si structure and of 
graphite for the Al (50nm)/graphite structure for several RMS spot sizes is shown in Figure 
2.1. The sensitivity to in-plane transport will be further enhanced when the thermal 
diffusivity of the substrate is much smaller than that of the thin film, leading to 2D in-plane 
transport.  
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2.5   Experimental System 
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Figure 2. 2 (a) FDTR Setup. (b) Experimental phase data with analytical fit on Al/SiO2/Si 
sample structure with modulation up to ~100 MHz. 
 
The schematic diagram of our FDTR experimental setup is shown in Figure 2.2(a). The 
experimental setup of our FDTR is based on two CW Omicron A350 lasers operating at 
515 nm (pump) and 785 nm (probe).  A metallic layer is typically deposited on the surface 
of the sample which acts as both thermometer and heater and is referred to as a 
transducer. We generally use Al transducers due to the high coefficient of 
thermoreflectance at the probe wavelength (785 nm). The pump laser is directly 
modulated through its analog input using a Lock-in Amplifier ( Zurich instruments HF2LI) 
and focused onto the surface of the sample using a 40X objective (Olympus RMS40X), 
(a) (b) 
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whereas the probe beam remains unmodulated. The 40X objective reduces the RMS 
laser spot size to ~1.4 microns, which increases the thermoreflectance signal due to the 
increase in surface temperature oscillations and thus allows detecting signal over a wide 
range of frequencies. Both beams pass through optical isolators (Con-Optics M711A and 
M712B) to prevent back reflections into the lasers which can destabilize the laser sources. 
A polarizing beam splitter (PBS) (Thorlabs PBS 251)  is used to allow vertically polarized 
pump and probe beams toward the sample which are polarized circularly when passing 
through the quarter wave plate (QWP) and focused onto the sample surface. When the 
reflected pump and probe beams travel back through the QWP, the circularly polarized 
light is reversed into horizontally polarized light, and the PBS redirects both beams toward 
the photodetector (Thorlabs PDA8A). 
 After the absorption of the modulated pump beam, the periodic heat flux causes 
the surface temperature to change periodically at that frequency, but with an additional 
thermal phase lag 𝜃𝑡ℎ𝑒𝑟𝑚𝑎𝑙. Two measurements are required to extract the desired 
thermal phase from additional instrumental contributions that make up the total measured 
phase. We refer to the first measurement as the thermal measurement (𝜃1), performed 
by detecting the probe beam, and the second as the reference measurement (𝜃2), 
performed by detecting the pump. Two optical band pass filters  (515 nm and 785 nm 
band pass filters) are used to separate the pump and probe beams before the 
photodetector.  The contributions to the two FDTR measurements are: 𝜃1 =  𝜃𝑡ℎ𝑒𝑟𝑚𝑎𝑙 +
𝜃𝑜𝑝𝑡𝑖𝑐𝑎𝑙 + 𝜃𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 + 𝜃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 and 𝜃2 = 𝜃𝑜𝑝𝑡𝑖𝑐𝑎𝑙 + 𝜃𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 + 𝜃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒. Therefore, 
𝜃𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝜃1 − 𝜃2, since both signals travel through the same optical and electrical paths. 
The measured thermal phase𝜃𝑡ℎ𝑒𝑟𝑚𝑎𝑙 is then fitted to the diffusive heat equation to extract 
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the thermal phase of interest. The measured phase data through our FDTR system 
together with the fitted analytical solution for the Al/SiO2/Si sample structure is shown in 
Figure 2.2 (b). A very small RMS laser spot size allows us to modulate up to ~100 MHz. 
When the carrier’s mean free path is comparable with or exceeds pump spot size or 
thermal penetration depth 𝑙 =  √
𝐾
𝜋𝐶𝑓
 , non-diffusive heat transport phenomena may 
occur53,54, where C is the volumetric heat capacity, 𝐾 is the thermal conductivity and f is 
the modulation frequency.  Since we use a small RMS spot size, modulating at such high 
frequencies can lead us to study non-diffusive heat transport.  
 
2.6   Spot Size Measurement 
 
Figure 2. 3  Pump spot size measurement 
 
Since we work with small spot sizes, the accurate determination of spot size is critical to 
reduce sources of experimental error. The spot sizes of the pump and probe beams are 
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measured using a knife-edge technique. In our FDTR measurements, we use a small 
RMS spot size to obtain a large thermoreflectance signal. We measure the pump and 
probe spot sizes when the RMS spot size is smallest and thus we first maximize the 
thermal signal. Then the reflected pump and probe signal is measured separately as a 
function of the translation stage. A power meter records the total power of the beam at 
each location. The derivative of the recorded power yields the intensity profile along the 
x-direction which is then fit into a Gaussian profile to extract the 
1
𝑒2
   radius of the beam. 
A schematic fit for the green spot is shown in Figure 2.3. The RMS spot size is then 
calculated using the following equation; 
 
 
𝑟𝑅𝑀𝑆 = √(𝑟𝑝𝑢𝑚𝑝2 + 𝑟𝑝𝑟𝑜𝑏𝑒2)/2 
 
(22) 
The measured RMS spot size is ~1.4 μm. 
 
2.7   Monte Carlo Computational Method for Uncertainty Calculation 
 
A Monte Carlo computational approach is used to calculate the measurement uncertainty 
due to the uncertainties of the input parameters in the diffusive heat model55. The input 
parameters are considered to have a normal distribution about their mean value with a 
standard deviation which is estimated from several independent measurements.  
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Figure 2. 4 Histogram from Monte Carlo simulation. The resulting value for 𝐾∥ is 270 ± 
28.2 W/mK. 
 
The uncertainty in phase from experimental noise contribution is also included. In each 
Monte Carlo simulation run, a new set of nominal input parameters and noisy 
experimental data are selected randomly. Then using these input parameters, the 
experimental data are fitted to the diffusive heat equation to extract the fitting parameters 
that minimize the error between the model and experiment. We repeat the procedure  
2000 times until the outcomes reach a normal distribution. For each Monte Carlo run both 
the fitted parameters and goodness of fit are recorded, the latter is used to weigh the 
value of its associated parameter for statistical significance. Finally, we calculate the 
weighted average and standard deviation of the fitted parameters of interest. For 
example, the fitted values for in-plane thermal conductivity of h-BN are 𝐾1, 𝐾2, …. 𝐾𝑁 and 
the uncertainties from the goodness of fit are 𝜎1, 𝜎2 , … 𝜎𝑁. The weighted average  
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is then calculated as 
 𝐾𝑎𝑣𝑔 =  
∑ 𝑊𝑖𝐾𝑖
𝑁
𝑖=1
∑ 𝑊𝑖
𝑁
𝑖=1
   (23) 
where weight 𝑊𝑖 =
1
𝜎𝑖
2.  
The resulting histogram of in-plane thermal conductivity of few-layer h-BN is shown in 
Figure 2.4. 
 
2.8   Summary  
 
Our FDTR is very useful to measure the thermal conductivity, thermal boundary 
conductance, and volumetric heat capacity of thin films and bulk materials.  We can 
modulate up to ~100 MHz which can help us to study non-diffusive heat transport without 
the need for complicated techniques like heterodyne measurement technqiues22. Using 
our FDTR the thermal properties can be measured over a broad range of thermal 
conductivity values and the measured thermal properties will be beneficial for novel 
device applications. 
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CHAPTER 3 
Thermal Transport in Anisotropic Materials Through Beam Offset FDTR1 
 
3.1   Overview  
 
2D layered materials are very attractive for device applications due to their unique 
combination of electrical, thermal and optical properties, and the great flexibility they 
provide in the creation of complex heterostructures11,34–36,56. Their intrinsic thermal 
properties are highly anisotropic and are still being investigated24,57,58. In spite of the high 
thermal conductivity commonly observed along the basal plane of 2D materials, out-of-
plane thermal transport across a metallic contact or an insulating support is typically 
poor9,47,59–62 leading to heat dissipation bottlenecks in electronic devices. Hence the 
investigation of heat transport in device-like structures is especially important. 
          The determination of the in-plane thermal conductivity of some anisotropic 
materials has been demonstrated using TDTR9  and FDTR47. However, in order to 
increase the sensitivity to in-plane heat transport, the spot size of the beams needs to be 
varied9, which requires the realignment of the optics. This can be a tedious task in 
systematic studies, and the accuracy obtained when performing a global fit to a spot size-
dependent data set, which is necessary to obtain self-consistent results, is reduced by 
the overall experimental error. Alternatively, collecting data over a wide range of 
modulation frequencies also improves the sensitivities to in-plane transport, as this 
                                            
1 This chapter has been published on Journal of Applied Physics 123, 245110 (2018) with 
contributions from co-authors M. Shahzadeh, P. Braeuninger-Weimer, S. Hofmann, O. Hellwig, and S. 
Pisana. 
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becomes important at relatively high frequencies (~10 MHz). Beam-offset approaches, 
where the pump and probe beams are no longer coaxial, also increase the sensitivity to 
in-plane heat transport by directly sampling the surface temperature of the sample in the 
radial direction7. To obtain a more complete picture of the heat transport, the in-plane and 
out-of-plane thermal conductivities as well as TBC of these materials should be 
measured. Therefore, combining different approaches that increase the sensitivities to 
the various parameters of interest, as well as enriching the data sets by increasing the 
number of independent measurements, can provide a sufficiently complete data set to 
extract these unknowns simultaneously. Despite the importance of in-plane heat transport 
in 2D materials, there are only a few reports that demonstrate the determination of 
anisotropic thermal conductivity using FDTR8,23,47,63. These rely on either working with 
small spot sizes8,10,29 or on beam offsetting42. However, if the experimental parameters 
are not associated with sufficiently high sensitivities, or the measurements do not span a 
sufficiently wide parametric range, the results can be plagued with relatively large error 
bars42. 
Here, we present a beam-offset FDTR (BO-FDTR) approach in which we combine 
the schemes outlined above in order to measure the thermal conductivity anisotropy and 
TBC from a single data set obtained at multiple beam offsets. We employ small spot sizes 
and modulate the pump beam over a wide range of frequencies up to 50 MHz. At high 
frequencies the signal to noise ratio is typically very low due to the thermal response of 
the sample (proportional to 𝑓−1/2, where 𝑓 is the modulation frequency), and the presence 
of coherent RF noise. The maximum reported modulation frequency in FDTR is 50 MHz 
for a coaxial geometry29, though the use of heterodyne measurement techniques have 
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extended detection frequencies to 200 MHz22,64. In BO-FDTR, the maximum reported 
modulation frequency is only 6 MHz because the signal strength further decays when the 
probe beam samples only a portion of the thermal footprint given by the pump beam42. 
Here, we use spot sizes of about 1.4 μm, which yield high enough signals to allow 
measurements up to 50MHz at large beam offset values without the need of heterodyne 
measurement techniques. The coherent RF noise at high modulation frequencies can be 
reduced when necessary by taking reference noise measurements concurrently and 
subtracting the noise from the thermal signal, avoiding more complicated techniques such 
as heterodyning9,43. This approach allows us to reach large offsets above 1.4𝜔 (where 𝜔 
is the root-mean-square (RMS) beam radius at 1/𝑒2). 
 
3.2   Sample Preparation 
 
Graphene was synthesized by chemical vapor deposition (CVD) using Cu as catalyst and 
the subsequent transfer to SiO2/Si substrates was performed using PMMA (poly(methyl 
methacrylate)) as a support and FeCl3 chemical etching to remove the Cu65. Sapphire 
crystals (Crystech) were annealed in an oxidizing atmosphere before transducer 
deposition. A clean surface of highly-ordered pyrolytic Graphite crystals (SPI Supplies) 
was obtained by exfoliating the top layers with adhesive tape before transducer 
deposition. Al transducers were deposited by thermal evaporation or sputter deposition. 
White light interferometry or X-ray reflectivity was used to determine layer thickness, and 
4-point probe electrical measurements for thermal conductivity via the Wiedemann-Franz 
law, respectively. The Al transducers for the Graphene and Graphite samples were 52 
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and 59 nm thick, respectively, and had  thermal conductivities of 35.5 W/mK and 33 
W/mK, respectively. This value may have been affected by small grain sizes and the 
presence of residual oxygen in the deposition chamber. The Al transducers for the 
Sapphire samples were 55 nm thick and had a thermal conductivity of 170 W/mK . 
 
3.3   Theory and Sensitivity Analysis 
 
 
Figure 3. 1 The probe beam is focused at an offset X0. 
 
The temperature fluctuation detected by the probe beam which is given by equation (13) 
can be written as, 
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 𝛥𝑇 =
2𝜋
𝐴𝑠
∫ 𝐺(𝑓, ℎ)𝑃(ℎ)𝑆(ℎ)ℎ𝑑ℎ
∞
0
. (24) 
where 𝑃(ℎ) and 𝑆(ℎ) are the Hankel transforms of the intensity profiles of the 
Gaussian pump and probe beams, 𝐴𝑠 is the total intensity of the sensing beam, and 
𝐺(𝑓, ℎ) is the Hankel transform of the frequency domain solution of the heat equation in 
multilayered media, with ℎ being the Hankel transform variable. 
In the case of sensing with an offset probe beam, 𝑆(ℎ) of equation (24) is defined 
as7 
 
𝑆(ℎ) =
𝐴𝑠
𝜋
exp {− [(
√2𝑥0
𝜔𝑠
)
2
+ (
𝜋𝜔𝑠ℎ
√2
)
2
]} ∑
1
(𝑛!)2
(
√2𝑥0
𝜔𝑠
)
2𝑛
𝑙𝑛 (
𝜔𝑠ℎ
√2
)
∞
𝑛=0
 
 
(25) 
where, 𝑥0 is the offset between pump and probe beams as shown in the Figure 
3.1, 𝜔𝑠 is the probe spot size and 𝑙𝑛(𝑥) is defined recursively as  
 𝑙𝑛+1(𝑥) = −
1
𝑥
[(𝜋2𝑥3 − 𝑥)𝑙𝑛(𝑥) + (
1
4𝜋2
− 𝑥2) 𝑙𝑛
′ (𝑥) +
𝑥
4𝜋2
𝑙𝑛
′′(𝑥)] (26) 
where 𝑙𝑛
′ (𝑥) and 𝑙𝑛
′′(𝑥) are the first and second derivative, respectively of 𝑙𝑛(𝑥), 
and 𝑙0 = 𝜋. 
We note that this model considers only diffusive heat transport. Small spot sizes 
and high modulation frequencies can lead to non-diffusive (quasi-ballistic) heat transport. 
Non-diffusive heat transport can take place when the heat carrier’s mean free path 
becomes comparable with, or exceeds, the pump spot size or the diffusive heat 
penetration depth ℓ = √𝐾/𝜋𝐶𝑓53,66. Predicting when a departure from diffusive transport 
occurs can be complicated, as non-diffusive transport may take place anisotropically53, 
according to heater geometry66, or depend on the nature of the interface between two 
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materials54. Analysis of experimental data in which non-diffusive transport takes place 
using a model that only considers diffusive heat transport often leads to obtaining thermal 
conductivities that fall below that of bulk values or frequency-dependent thermal 
properties. Therefore, care must be taken in interpreting the results of experiments when 
non-diffusive transport may take place. 
 
 
 
Figure 3. 2 (a) and (b) depict the sensitivity of the measured thermal phase to changes in 
various parameters at 0 μm and 2 μm beam offsets respectively, (c) and (d) show the sensitivities 
to in-plane thermal conductivity and out-of-plane thermal conductivity of Graphite, respectively, 
for several values of beam offsets. 
The sensitivity to in-plane transport can be further enhanced when the thermal diffusivity 
of the substrate is much smaller than that of the thin film, leading to 2D in-plane transport. 
In most cases, sampling the in-plane transport will be enhanced when the pump and 
probe beams are offset. 
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We considered at first a simple Al/graphite system for sensitivity analysis as shown in 
Figure 3.2 using the input values from Table 3.1. The sensitivity of the measured thermal 
phase signal due to various thermal parameters of a nominal Al/graphite sample is shown 
in Figures 3.2(a) and 3.2(b), for the concentric and 2 μm beam-offset cases, respectively, 
using an RMS spot size of 1.4 μm. By comparing the sensitivities at different offset values, 
we can determine that there is a high sensitivity to the anisotropic thermal conductivity of 
graphite over a wide range of frequencies, as well as the TBC of Al/graphite. These three 
parameters are distinguishable due to their dissimilar spectral sensitivity as the beam 
offset is varied. The sensitivity to 𝐾∥ is enhanced at lower frequencies with respect to 𝐾⊥ 
when the beams are offset, since the heat will diffuse with a longer thermal penetration 
depth in the radial direction where the probe beam can detect it. This is a common feature 
of BO-FDTR sensitivity curves. Without beam-offsetting, lateral heat spreading would only 
be sampled by the periphery of the probe beam, where the light intensity is low and the 
detected thermal phase changes by a small amount. Figures 3.2 (c) and (d) show the 
sensitivities of the thermal phase signal to the in-plane thermal conductivity and out-of-
plane thermal conductivity of Graphite, respectively, as the beam offset is varied from 0 
to 2 μm. As shown, larger beam offsets comparable to the spot size are desirable to 
significantly increase the sensitivities to the in-plane transport. 
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Table 3. 1 Nominal values for fitting and sensitivity analysis. Thickness values are 
obtained by white light interferometry or X-Ray reflectivity. The 𝐾 for Al is assumed isotropic and 
determined by four point probe. *: the value of 𝐾 for Al for these samples may have been affected 
by small grain sizes and the presence of residual oxygen in the deposition chamber. Blank values 
indicate a property that was obtained from fits to the experimental data. 
 
Property Graphite 
Sample 
Graphene 
Sample 
Sapphire 
Samples 
Thickness of Al (nm) 59 52 55 
Cv of Al (MJ/m3K) 2.4267 2.4267 2.4268 
𝐾⊥ of Al (W/mK)
 33* 35.5* 170 
𝐾∥ of Al (W/mK) 33* 35.5* 170 
Cv of Substrate (MJ/m3K) 1.668 SiO2=1.5969, 
Si=1.6470 
3.0371 
𝐾⊥ of Substrate (W/mK) 5.7
9 SiO2=1.325, 
Si=14572 
- 
𝐾∥ Substrate (W/mK) 1950
19 SiO2=1.325, 
Si=14572 
- 
TBC of Al/Substrate (MW/m2K) 5059 - - 
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3.4   Experimental Method for Beam-offset FDTR 
 
 
 
 
Figure 3. 3 Schematic diagram of beam-offset FDTR 
 
The experimental setup of BO-FDTR is shown in Figure 3.3. The setup is similar to the 
FDTR setup except the installment of an actuator (Newport TRA12CC Actuator). To offset 
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the probe beam, we use this actuator to steer a mirror. Care must be taken to ensure that 
the reflected probe beam is not cropped by optical elements in the sample-to-detector 
trajectory, and that it remains centered on the photodetector. Proper optical alignment 
and a focusing lens before the detector mitigate these issues. Alternatively, the pump 
beam can be steered with respect to the static probe’s position. 
           Similar to other FDTR measurements we compare two measurements to extract 
the desired thermal phase from additional instrumental contributions that make up the 
measured phase. Since both signals travel through the same optical and electrical paths, 
the subtraction of normal and reference measurement gives us the desired phase lag 
which is then fitted to the diffusive heat equation to extract the in-plane and out of plane 
thermal conductivities as well thermal boundary conductance with the Al layer. 
Given that we work with small spot sizes, the accurate determination of spot sizes 
and beam offsets is critical to reduce sources of experimental error. Beam offsets and 
spot sizes are first characterized by razor profiling using a piezoelectric stage. Pump and 
probe spot sizes are comparable, with 𝜔 ≅ 1.4 μm. However, since the focal position may 
vary slightly every time a sample is repositioned, we find that sufficient accuracy is 
obtained only when the spot sizes are determined at the focal position where a 
measurement is to be made. This is achieved by offsetting the probe beam with respect 
to the pump at high modulation frequencies to measure the combined response to the 
thermoreflectance signal, and finally fitting the obtained profile to a Gaussian curve to 
extract RMS spot sizes. 
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3.5   Results and Discussions  
 
 
 
Figure 3. 4 (a) Experimental phase data (symbols) with fitted analytical solution (solid line) 
on the Al/Graphite sample at 2 μm beam offset. For comparison, the dashed line is the model 
prediction for the same structure, but without the TBC present at the Al/Graphite interface. Panel 
(b) shows aggregate data and global fit using 3 beam offset values:  0 μm (black), 1.5 μm (red) 
and 2 μm (navy). 
 
We have measured the thermal properties of several anisotropic samples by modulating 
over a wide frequency range from 5 KHz to 50 MHz, and fit 𝐾⊥ , 𝐾∥  and TBC concurrently 
at 2 μm beam offset. All of the fitted results in this work are summarized in Table 3.2. The 
experimental data for Al/graphite with fitted analytical solution is shown in Figure 3.4(a). 
The figure also shows the result of the model in the absence of the thermal boundary at 
the Al/graphite interface, which shows a deviation from the data mirroring the shape of 
the sensitivity curve for TBC in fig 3.2(b). The fit yielded 𝐾⊥= 8 ± 2 W/mK, 𝐾∥= 1,337 ± 
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176 W/mK and the TBC of Al/graphite of 41 ± 5 MW/m2K. These values agree well with 
literature data7,9,73. We check that there are no dependencies among the fit parameters  
 
Table 3. 2 Measured values for different anisotropic samples. *: the error bar here 
represents the confidence interval obtained from 9 measurements. †: the TBC in this case is that 
of the Al/Graphene/SiO2 structure. 
 
Sample 𝑲⊥(W/mK) 𝑲∥ (W/mK) TBC with Al 
(MW/m2K) 
Graphite 6.5 ± 1 1,455 ± 148 47 ± 1 
c-plane Sapphire 50 ± 1.2 35 ± 0.6 134 ± 3 
a-plane Sapphire 39 ± 2 37 ± 1.1 167 ± 11 
r-plane Sapphire 41 ± 2 37 ± 1.2 118 ± 4 
Single layer Graphene  707 ± 39* 28 ± 0.5† 
 
 
by operating on the Variance-Covariance matrix. Note that all error bars indicated in this 
work are the standard errors obtained from the goodness of fit, and do not incorporate 
the propagation of uncertainties in the parameters that were held constant during the fit. 
To improve the standard error of the fit while maintaining self-consistent results, we 
concurrently fit measurements obtained at multiple offsets as shown in Figure 3.4(b), 
yielding 𝐾⊥= 6.5 ± 1 W/mK, 𝐾∥= 1,455 ± 148 W/mK and TBC = 47 ± 1 MW/m
2K. As can 
be seen in Figure 3.4(b), the thermal phase lag increases with increasing beam offset 
value, as indicated in the sensitivity curves of Figure 3.2, in which all sensitivities are 
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positive and increase with beam offset, i.e. given a set of thermal parameters, increasing 
the offset increases the change in thermal phase. 
 
 
 
 
 
 
Figure 3. 5 (a): Sensitivity to 𝐾⊥, 𝐾∥ of c-Sapphire and TBC across Al/c- Sapphire 
interfaces, for several values of beam offsets. (b) Experimental phase data (symbols) with fitted 
analytical solution (solid lines) for the Al/c- Sapphire sample. The beam offset values were 1 μm 
(black), 1.5 μm (red) and 2 μm(navy). 
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Figure 3. 6 (a) Experimental phase data at 0 μm beam offset for the Al/Graphene/SiO2/Si 
sample on an area containing Graphene (black symbols) compared with an area that does not 
contain Graphene (red symbols). (b): Sensitivity to 𝐾∥ of Graphene and TBC across 
Al/Graphene/SiO2 interfaces for the Al/Graphene/SiO2/Si sample, for several values of beam 
offsets of 1 μm (black), 1.5 μm red) and 2 μm (navy). (c): Experimental phase data (symbols) with 
fitted analytical solution (solid lines) for the Al/Graphene/SiO2/Si sample. The beam-offset values 
were 0 μm (black), 1 μm (red) and 1.5 μm (navy). (d): 𝐾∥ of single layer Graphene for the structure 
Al/Graphene/SiO2/Si extracted from different locations in the sample. 
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Similar measurements were performed on c-plane, a-plane and r-plane Sapphire 
to extract the anisotropic thermal conductivity and TBC. Sapphire is anisotropic with a 
larger thermal conductivity along the c-axis, the value depending on the level of impurities 
in the crystal. The sensitivity curves in Figure 3.5 (a) show frequency dependencies for 
the thermal parameters of interest to be quite distinct from each other and increasing with 
beam offset, indicating that each parameter can be individually determined. The data of 
Figure 3.5 (b) shows the development of a saddle point before 10 MHz for larger beam 
offsets, mimicking the increase in sensitivities of opposite sign for 𝐾 and the TBC. There 
is a slight feature in our data at 5 MHz which coincides with the onset of coherent RF 
noise correction (which is performed for this sample at frequencies higher than 5 MHz). 
Our results for c-plane Sapphire, Figure 3.5(b), show a larger 𝐾⊥= 50 ± 1.2 W/mK as 
expected, the value being comparable to that obtained for high-quality crystals74,75. On 
the other hand, the values obtained for the a-plane and r-plane on two other crystals 
(Table 3.2) do not show an appreciable anisotropy, as expected, since the in-plane and 
out-of-plane conductivities for these crystal planes are not aligned along the c-axis. The 
values of TBC of Al/Sapphire are in line with earlier reports23, and indicate a lower 
conductance across the Al/r-plane interface, which is consistent with lower sound speeds 
recorded for this crystal face76. Lower sound speeds indicate a flatter acoustic phonon 
dispersion relation, which dominates the contribution to the TBC. 
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Finally, we present the in-plane thermal conductivity measurements of single layer 
CVD graphene (Figure 3.6). The sample structure is Al/graphene/SiO2(296nm)/Si. The 
possibility of measuring the presence of monolayer Graphene between Al and the SiO2/Si 
support is demonstrated in Figure 3.6(a) where data in a region of the sample without 
graphene is compared with a region with graphene, yielding an appreciable difference as 
high as ~5°, well above the noise of the measurement. Figure 3.6(b) shows the sensitivity 
to measuring the 𝐾∥ of graphene and the TBC of the combined Al/graphene/SiO2 
interface. Given the large anisotropy in graphene favoring in-plane transport, the 
presence of the underlying thick, low-conductivity SiO2 layer beneath it enhances the 
ability to assess 𝐾∥. From the region where no Graphene was present we determine the 
TBC at the Al/SiO2 interface (92 MW/m2K) and at the SiO2/Si interface (28 MW/m2K), then 
we fix the TBC at the SiO2/Si interface and all other parameters to fit 𝐾∥ of graphene and 
the combined TBC across the Al/Graphene/SiO2 interfaces by performing beam-offset 
measurements at different locations of the sample (Figures 3.6 (c) and 3.6 (d)). The TBC 
values at the Al/SiO2 and SiO2/Si interfaces are consistent with those of other 
reports51,59,77,78. We model the graphene layer as having a thickness of 0.35 nm and 
negligible out-of-plane thermal resistance, and treat this together with the TBC of 
Al/graphene and the TBC of graphene/SiO2. The TBC across Al/graphene/SiO2 fit from 
the data at 9 different locations is 28 ± 0.5 MW/m2K, in line with other measurements47,79. 
This can be decomposed into a contribution of 47 MW/m2K for the Al/graphene interface 
(approximated from the TBC of Al/graphite measured here), and 69 MW/m2K for the 
graphene/SiO2 interface, in accordance with literature values47,80. The average value for 
𝐾∥ of graphene obtained over 9 locations across the sample is 707 ± 39 W/mK, which is 
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very similar to the values reported in the literature for supported graphene26,47,81. In all 
cases referenced, the single layer graphene was supported on SiO2, whereas in the work 
by Yang the graphene was also covered by Al or Ti47. It’s interesting to note that our 
reported value for 𝐾∥ is in line with the literature in spite of the fact that the graphene in 
this work was obtained by CVD growth, rather than mechanical exfoliation from graphite. 
The similar values among these studies suggest that 𝐾∥ in supported Graphene is 
predominantly limited by phonon scattering induced by the SiO2 substrate, rather than 
grain boundary scattering within the graphene layer or the presence of a metallic top 
layer. This is supported by Yang’s observation that 𝐾∥ was independent of Al or Ti contact 
metal47, and their estimate that for 𝐾∥~700 W/mK, the phonon mean free path in graphene 
is ~55 nm. This is substantially lower than the crystal domain size of 10-25 𝜇m for the 
CVD graphene sample used here or the flake sizes in the references cited, supporting 
the argument that the phonon mean free path is dominated by scattering induced by the 
SiO2 substrate. 
The results obtained here for graphene demonstrate how BO-FDTR can be 
effective in determining 𝐾∥ in substrate-supported 2D materials, which is typically 
challenging. We note that by beam-offsetting and high-frequency measurements we 
markedly reduced the uncertainties of the derived values. Yang’s FDTR approach did not 
use beam-offsetting, and given the lower sensitivity in the coaxial geometry, it relies on a 
large number of measurements to reduce the statistical uncertainty of the derived values. 
Other techniques that have been used to determine the 𝐾∥ in supported graphene include 
suspended microbridge geometries that are not amenable to systematic studies81, or 
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Raman/IR thermometry that don’t independently measure the TBC60,82,83 which affects 
the value and uncertainty of 𝐾∥. 
 
3.6  Summary 
 
We have measured the in-plane, out-of-plane thermal conductivities and TBC 
simultaneously over a large range of thermal conductivity values (~5 W/mK to ~1,500 
W/mK) in anisotropic samples. High sensitivities are obtained by modulating at high 
frequencies even at large beam offsets. We note that modulation frequencies of 50 MHz 
while at an offset of 1.4 times the spot size are the largest reported for beam offset FDTR 
and facilitate measurement of in-plane transport. The proposed approach to assessing 
the thermal properties of anisotropic materials will be helpful for device applications that 
take advantage of the promising qualities of emerging 2D materials. 
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CHAPTER 4 
Thermal Transport in 2D Materials Through FD-MOKE2 
 
4.1   Overview 
 
The rapidly increasing number of 2-dimensional materials that have been isolated or 
synthesized provides an enormous opportunity to realize new device functionalities. 
Whereas optical and electrical characterization has been more readily applicable to these 
new materials, quantitative thermal characterization is more challenging due to the 
difficulties with localizing heat flow. Optical pump-probe techniques that are well-
established for the study of bulk materials or thin-films have limited sensitivity to lateral 
heat transport, and the characterization of the thermal anisotropy that is common in 2-
dimensional materials is therefore challenging. Here we present a new approach to 
quantify the thermal properties based on the magneto-optical Kerr effect that yields 
quantitative insight into cross-plane and in-plane heat transport. Using a magnetic 
material as optical transducer allows the use of semi-transparent layers that are very thin, 
increasing the in-plane thermal gradients. The approach has the added benefit that it does 
not require the sample to be suspended, providing insight of thermal transport in 
supported, device-like environments. We apply this approach to measure the thermal 
properties of a range of 2-dimensional materials which are of interest for device 
applications, including single layer graphene, few-layer h-BN, single and two layer MoS2, 
                                            
2 This chapter is to be submitted for publication soon with contributions from co-authors M. 
Shahzadeh and S. Pisana. This chapter has also been presented in APS March Meeting, 201984. 
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and bulk MoSe2 and WS2 crystals. We detect a large deviation from diffusive heat 
transport in WS2, in accordance with first-principle calculations predicting large phonon 
mean free paths, with important implications for thermal management in device 
applications. 
 
4.2   FD-MOKE  
 
In spite of the numerous studies that focus on the optical and electrical properties of these 
2D materials, the thermal characterization has lagged behind, due to the difficulties with 
localizing heat flow within the material of interest and obtaining quantitative results. The 
thermal conductivity of these materials is highly anisotropic because of the strong atomic 
interactions along the basal plane compared to weak bonding present cross-plane 
(typically the crystal’s c-axis). Raman thermometry has been used to measure in-plane 
heat transport of 2D materials, but the technique is prone to inaccuracies due to errors in 
accurately determining the optical absorption of the sample and heat transfer at the 
sample boundaries, the latter being more challenging to quantitatively asses and take into 
account85. As a result, despite the relative simplicity of the Raman technique, a more 
accurate approach is required, ideally capable of also measuring interfacial heat transport 
or transport along different directions. The optical pump-probe techniques known as time 
domain thermoreflectance6,7,9 and frequency domain thermoreflectance8,10,22,23,47,63,64 are 
well established to directly measure the thermal conductivity and thermal boundary 
conductance (TBC) of bulk materials and thin films2,3. These detect changes in the 
surface temperature of a sample subject to an optically generated heat flux, and the 
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results are used to extract the thermophysical properties of interest. However, these 
techniques are not normally sensitive to lateral heat transport, and hence the 
characterization of anisotropic 2D materials is very challenging. The in-plane thermal 
conductivity of some anisotropic materials has been measured through thermoreflectance 
techniques by beam offsetting7,10,63 and varying spot sizes9. The experimental sensitivity 
needs to be further increased to measure the anisotropic thermal conductivity as well as 
TBC of these 2D materials, especially for the case of single and multilayer structures. Jun 
Liu et al. recently demonstrated how using a thin transducer enhances the sensitivity to 
lateral heat transport in time domain thermoreflectance (TDTR)58. However, in TDTR the 
instrumentation is comparatively expensive, and the measurements are typically 
modulated at frequencies below 20 MHz, setting a lower limit to the thermal penetration 
depth and in turn limiting the ability to measure thin samples. Frequency domain 
thermoreflectance (FDTR) is cost effective as it does not require a mechanical delay 
stage, an ultrafast laser or electro-optic modulators, and allows modulating the 
measurement over a wide range of frequencies10.  
In this work we implement frequency domain magneto-optical Kerr effect (FD-
MOKE), a new approach to quantify the thermal properties of anisotropic materials based 
on the Kerr effect, yielding enhanced sensitivity to lateral heat transport. While in FDTR 
the sample is typically coated with a relatively thick 50-100 nm metal film with large 
thermoreflectance coefficient (known as the transducer), in FD-MOKE a thinner magnetic 
film is used as a transducer and the detection of the modulated surface temperature is 
achieved through the Kerr effect through changes in magnetization as function of 
temperature 
𝑑𝑀
𝑑𝑇
58. Reducing the thickness of the metallic layer limits the lateral heat flow 
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within it and increases the sensitivity to lateral heat flow in the sample. Additionally, a 
thinner transducer has a lower thermal mass and can be used to probe heat transport 
over shallower depths. Reducing the transducer thickness in typical thermoreflectance 
approaches is not convenient, as the interpretation of the results either requires that all 
the optical energy be absorbed within the transducer, or a more complicated model is 
needed to account for the optical properties and absorption as function of depth. Kerr 
detection on the other hand is only sensitive to changes in the magnetization state of the 
magnetic layer, so any optical contribution from other layers are not detected and do not 
contribute to the measurement. 
Applying FD-MOKE and beam offset FD-MOKE, we have measured the thermal 
properties of a range of 2-dimensional materials including single-layer graphene, few-
layer h-BN, single and two-layer MoS2, and bulk MoSe2 and WS2 crystals. The thermal 
properties of bulk silicon and sapphire are also measured as reference to demonstrate 
the validity of this technique. 
 
4.3   Sample Preparation and Materials Characterization 
 
Graphene, h-BN, MoS2, WS2 and MoSe2 samples were obtained from 2D Material, 
whereas Si and Al2O3 from MTI. Graphene, h-BN and MoS2 were few-layer polycrystalline 
films synthesized through chemical vapor deposition and subsequent transfer to SiO2(300 
nm)/Si substrates. All samples were coated with a 20 nm Nickel film capped by 3 nm of 
Aluminum by sputter deposition. The Al layer prevents oxidation of the Ni layer. White 
light interferometry was used to measure the layer thickness. Electrical conductivity 
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measurements were done by a 4-point probe to calculate the thermal conductivity of the 
metal layer via the Wiedemann-Franz law. A clean surface of the MoSe2 and WS2 crystals 
was obtained by exfoliation with adhesive tape. 
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Figure 4. 1 Measured Raman Spectra of the 2D materials in this study 
 
We measured the Raman spectra for the single-layer graphene, few-layer h-BN, 
single and two-layer MoS2 samples on SiO2/Si substrate and bulk MoSe2 and WS2 using 
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a Bruker Senterra dispersive Raman microscope at 532 nm. A 50X objective is used with 
a range of power from 5 mW to 10 mW. Figure 4.1(a) illustrates the Raman spectra of 
single-layer graphene where the G peak and 2D peaks are observed near 1591 cm-1 and 
2679 cm-1 respectively. The observed D peak indicates the presence of defects that can 
be associated with grain boundaries in a polycrystalline sample. The 2D peak is a sharp 
Lorentzian peak with a full width at half maximum of 44 cm-1, and it is more intense than 
the G peak, identifying single-layer graphene86,87. The comparison of the single and two-
layer MoS2 is shown in Figure 4.1(b), where the in-plane and out-of-plane mode peaks 
for the two-layer sample are at 383.5 cm-1 and 404.5 cm-1, respectively, which upshift and 
downshift, respectively, for the single-layer88–90. In Figure 4.1(c), the out-of-plane 
vibrational mode for bulk MoSe2 is observed at 240 cm-1, whereas the weaker in-plane 
vibration mode is found at 295 cm-1 88. Also, in Figure 4.1(d), the in-plane phonon mode 
for bulk WS2 is observed at 351 cm-1 and the weaker out-of-plane mode is found at 422 
cm-1, in agreement with previous result91. In the case of h-BN excited with a laser in the 
visible range, the Raman processes are non-resonant and consequently, Raman spectra 
are much weaker92. The number of layers for the two of the h-BN samples was estimated 
through AFM characterization by measuring the step height with respect to the SiO2/Si 
substrate and found to be 4 layers (~2nm) and 20 layers (~9nm). 
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4.4   Sensitivity Analysis 
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Figure 4. 2 (a) and (b) plot the sensitivity of the measured thermal phase to the in-plane 
thermal conductivity of single-layer graphene and the TBC across the Ni/graphene/SiO2 interfaces 
for several values of the transducer thickness. (c) and (d) show the sensitivity to the measured 
thermal phase to changes in different parameter using a 20nm Ni transducer. 
 
 
We first consider the ability to sense single-layer graphene on a SiO2/Si substrate. Figures 
4.2 (a) and (b) illustrate how a thin transducer layer enhances the sensitivity to measuring 
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the in-plane thermal conductivity of single-layer graphene and the effective TBC across 
the metallic layer/graphene/SiO2 interfaces, respectively. The distinct spectral sensitivity 
of various parameters, as also shown for example in Figures 4.2 (c) and (d) for the in-
plane thermal conductivity of 20-layer h-BN and the TBC across the Ni/h-BN/SiO2 
interfaces, or the anisotropic thermal conductivity of MoSe2 and TBC of the Ni/MoSe2 
interface allow us to determine these parameters concurrently.  
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4.5    Experimental Method  
 
Figure 4. 3 Schematic diagram of the Frequency Domain Magneto-Optical Kerr Effect 
setup 
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The basic operating principle in FDTR and FD-MOKE is to impose a sinusoidal heat flux 
on the sample surface and detect the resulting surface temperature oscillations. The 
phase shift between the heat flux and the temperature oscillations are proportional to the 
thermophysical properties of the sample. The main difference is that FDTR samples the 
surface temperature through thermoreflectance (
𝑑𝑅
𝑑𝑇
), whereas FD-MOKE captures the 
thermally-induced changes in magnetization (
𝑑𝑀
𝑑𝑇
). The experimental setup of FD-MOKE 
as illustrated in Figure 4.3 is similar to that of FDTR10,64 but with a different detection 
scheme. Briefly, a sinusoidally modulated pump beam and continuous wave probe beam 
are combined and focused on the sample surface. Non-polarizing optics are used to route 
the beams in order to avoid affecting the strength of the Kerr signal. A Wollaston prism 
splits the beam into two orthogonal polarization states, and a half-wave plate balances 
their intensities before reaching a balanced photodetector. We offset the pump beam with 
respect to the probe using a 12 mm thick fused silica plate on an actuated optical mount. 
Optical spot sizes with 1/e2 rms values of 1.4 µm are achieved through a 40X objective, 
and increase the signal strength allowing us to detect signals over a wide range of 
frequencies up to 50 MHz. The accurate determination of the spot sizes is critical to 
minimize error, and this is done by profiling the beams at their focal point across the sharp 
sample’s edge using a piezoelectric state. 
The optical system is set-up in the polar Kerr configuration for ease of 
implementation, and this implies that the detected signal is sensitive to changes of the 
magnetization state of the transducer in the direction perpendicular to the sample surface. 
In this case, transducer materials with perpendicular magnetic anisotropy would be ideal, 
but this would also complicate sample preparation. We choose to use Nickel thin films as 
57 
 
transducer for several reasons. First, Ni is readily available and a thin film with repeatable 
magnetic characteristics can be easily deposited irrespective of the choice of substrate 
or film thickness. Since the demagnetizing field of the thin film dominates any other source 
of anisotropy, the remanent magnetization will be in-plane. In order to achieve Kerr 
contrast in the polar geometry, the magnetization needs to be brought out of the plane of 
the sample, so using Ni, which is a ferromagnet with relatively low magnetization ~500 
emu/cc, a relatively weak field of ~6.3 kOe is sufficient to tilt the magnetization out of the 
plane. Lastly, Ni has a relatively low Curie temperature ~350 C, therefore its 
magnetization curve as function of temperature will have a comparatively large slope 
dM/dT near room temperature, aiding in the measurement of the temperature induced 
changes to the magnetization. A 20 nm Nickel layer serves as a transducer throughout 
this work, but thinner layers can also be used. 
To isolate the thermal phase lag of interest, we perform two measurements of the 
phase of the signal as function of modulation frequency. We first null the probe signal in 
the balanced detector by rotating the half-wave plate, then we perform the first 
measurement while applying a saturating perpendicular field to the sample using an 
external permanent magnet. This measurement is referred to as 𝜃1, and it contains the 
phase information from the temperature fluctuations in the magnetic layer, reference 
phase, optical phase, and electrical phase. Since the measurement was preceded by 
nulling the probe signal at zero applied magnetic field, only the response from the 
magnetic transducer contributes to the signal, whereas any other contribution such as 
thermoreflectance from underlying layers is rejected. Another measurement is required 
to determine the reference phase, and optical and electrical contributions. This 
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measurement is referred to as 𝜃2, and is performed by detecting the pump beam. 
Subtracting the two measured phases (𝜃1 − 𝜃2) yields the desired thermal phase, which 
is fit to a model based on the diffusive heat equation to extract the thermal properties of 
interest. Two optical bandpass filters are used to separate the pump and probe beams 
before the balanced photodetector. 
 
4.6   Uncertainty Estimation 
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Figure 4. 4  Monte Carlo histograms for the 20-layer h-BN sample 
 
In spite of the optical spot size measurements we perform, small changes in the assumed 
value affect the derived thermal properties of single and few-layer materials more than 
for the case of single crystal samples. Additionally, errors in the measurements of the NI 
film thickness and its electrical conductivity, or deviations in any of the other parameters 
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from their true value can increase the uncertainty. We estimate the propagation of these 
errors by a Monte Carlo approach, where random errors are introduced in the assumed 
parameters and the data to estimate the variation on the derived properties. The standard 
deviation in optical spot size is estimated from several independent measurements to be 
3%. Additionally, the uncertainty in the measured phase originating from experimental 
noise of 0.1 degree is also included. 2000 Monte Carlo runs were used until the results 
converged. For each Monte Carlo run both the fitted parameters and goodness of fit were 
recorded, the latter was used to weigh the value of its associated parameter for statistical 
significance. We than calculated the weighted average and standard deviation. As an 
example, the resulting Monte Carlo histograms of in-plane thermal conductivity and 
effective conductance of Ni/graphene/SiO2 for 20-layer h-BN sample is shown in Figure 
4.4. 
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4.7   Results and Discussions  
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Figure 4. 5 Panels (a), (b), and (c) show aggregate data (symbols) and global fit (solid 
lines) using 2 beam offset values: 1 μm (black) and 1.5 μm (red) for the Ni/graphene(1L)/SiO2/Si, 
Ni/h-BN(4L)/SiO2/Si, and Ni/MoS2(2L)/SiO2/Si samples, respectively. (d) data and fit at 1 μm offset 
for the Ni/MoSe2 crystal (black) and at 0 μm offset for Ni/native SiO2/Si (red) samples, 
respectively. 
 
We have measured the anisotropic thermal conductivity as well as effective thermal 
boundary conductance between the Ni layer and several sample/substrate combinations 
by modulating over a wide frequency range from 50 KHz to 50 MHz through concentric 
and beam offset frequency domain magneto-optical Kerr effect. All the parameters fitted 
from these measurements are presented in Table 4.1 and representative data with fits 
are presented in Figure 4.5. Reference measurements were carried out on two standard 
crystal samples, Silicon and Sapphire, to verify the validity of the FD-MOKE technique. 
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For Silicon (which includes its native oxide layer) we obtained a thermal conductivity of 
123 ± 2 W/mK and a TBC with Ni of 134 ± 3 W/mK. The value for the TBC of Ni/Si is 
expected to be similar to that of the Al/Si interface, as one would expect from the similar 
phonon dispersion properties of Al and Ni93. The value obtained is in line with other 
reports23, though the value varies according to sample preparation. The measured 
thermal conductivity of Si is ~15% lower than that expected for the bulk intrinsic crystal, 
and this is because these measurements were performed with a small pump/probe optical 
spot size, which is known to manifest itself in a reduced apparent thermal conductivity 
due to the onset of non-diffusive heat transport53 in crystals having very long mean free 
path heat carriers. The result obtained here is in line with the non-diffusive heat transport 
reported by Wilson and Cahill at comparable spot sizes53. The presence of the native 
oxide is expected to cause the reduction in the apparent thermal conductivity to be more 
sensitive to spot size rather than modulation frequency, given our experimental 
conditions66. For Sapphire the thermal conductivity is in agreement with literature values, 
though the weak anisotropy (<10%) expected along the c-axis is not captured well within 
the sensitivity of this measurement. The TBC at the Ni/sapphire interface is lower than 
expected93,94, as the Al/sapphire TBC is near 250 MW/m2K. Although our value is 
comparable to that of other reports10,23, the reduced value observed here may be affected 
by adsorbates on the sapphire surface prior to the Ni deposition. 
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Table 4. 1 Measured values for different samples. a: The error bar here represents the 
standard deviation obtained from Monte Carlo simulations. b: the TBC, in this case is across the 
Ni/sample/SiO2 interfaces. 
 
 
Sample 𝑲⊥(W/mK) 𝑲∥ (W/mK) TBC with Ni (MW/m
2K) 
Single-layer graphenea  636 ± 140 17 ± 0.2b 
Singe-layer MoS2a  63.1 ± 22.6 15 ± 0.2b 
Two-layer MoS2a  74.2 ± 10.1 13 ± 0.2b 
4-layer h-BNa  242 ± 21.9 20 ± 0.3b 
20-layer h-BNa  270 ± 28.2 23 ± 0.2b 
MoSe2 crystal 1 ± 0.1 30 ± 2 24 ± 1 
WS2 crystal 3 ± 0.3 38 ± 4 14 ± 1 
Sapphire 32 ± 2 37 ± 2 180 ± 20 
Silicon 123 ± 2 123 ± 2 134 ± 3 
 
 
As shown in Figure 4.2(d), we have enough sensitivity to the anisotropic thermal 
conductivity in MoSe2 as well as TBC of the Ni/MoSe2 interface, and hence we can 
measure these three parameters concurrently. The experimental data with the analytical 
fitted solution is in Figure 4.5 (d) and the fit yields in and out-of-plane thermal conductivity 
of MoSe2: 𝐾⊥= 1 ± 0.1 W/mK and 𝐾∥= 30 ± 2 W/mK respectively, and the TBC of Ni/MoSe2 
of 24 ± 1 MW/m2K. The measured thermal conductivity is highly anisotropic as expected 
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from the weaker atomic bonding along the c axis, and is in agreement with the reported 
in-plane thermal conductivity of a 80 nm thick MoSe2 film (25.7 ± 7.7 W/mK)95. Our data 
can be compared to first-principles calculations of bulk MoSe296, reported to be 𝐾⊥= 3.5 
W/mK and 𝐾∥= 40 W/mK respectively. The discrepancy with respect to theory likely 
originates from extrinsic effects not included in the first-principles calculations96 such as 
crystal defects and boundary scattering. The measured thermal boundary conductance 
of 24 ± 1 MW/m2K is very low compared to typical metal dielectric interfaces, but this is 
common for layered crystals, and in good agreement with the measurement for MoS258. 
The low thermal boundary conductance has been ascribed to the effect of phonon 
focusing in crystals with elastic anisotropy97. 
Although there are several reports for the thermal properties of single-layer WS2, 
the measured values are inconsistent with predictions. The thermal  of single-layer WS2 
is calculated from first-principles to be near 150 W/mK, and the values for the bulk crystal 
are expected to be 140 W/mK in the basal plane and 4.7 W/mK across it96,98. However, 
through Raman scattering the measured value are found to be 32 W/mK for single-layer 
WS2 and 52 W/mK for bilayer WS246. There appears to be only a report on the bulk thermal 
properties of WS2, which indicates a basal plane conductivity 𝐾∥ of 124 W/mK and a 𝐾⊥ 
of 1.7 W/mK. Here we measure the bulk WS2 crystal to have 𝐾⊥= 3 ± 0.3 W/mK, 𝐾∥= 
38.2 ± 3.9 W/mK, and the TBC across Ni/WS2 of 14 ± 1 MW/m2K. Our measured in-plane 
thermal conductivity appears to be much lower than expected. Unlike the case of MoSe2 
above, were the smaller (~25%) discrepancy was attributed to boundary scattering, a 
similar contribution in WS2 could not account for the ~75% reduction observed here. We 
believe that the difference can instead be attributed to the unusually large mean free 
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paths in the WS2 crystal96, where phonons with mean free path greater than 1 µm 
contribute to 95% of the in-plane thermal conductivity. Given our 1.4 µm optical spot size, 
it appears that the measurements are affected by strong deviations from Fourier heat 
transport which suppress the apparent thermal conductivity. Such an effect would not be 
as strong in the MoSe2 sample above, as theory finds that the contribution to thermal 
conductivity in selenide crystals originates from phonons of shorter mean free path 
compared to sulfide crystals96. The deviation from diffusive transport cannot be attributed 
to the effect of weak-electron phonon coupling in the Ni layer, in contrast with 
measurements made using Au transducers99,100. This result highlights the dramatic effect 
nanoscale heat transport can have on the ability of materials to transport heat, and can 
have profound implications for device applications. 
We now move to measurements made on few-layer 2D materials. For these cases, 
the determination of the in-plane thermal properties is challenging, particularly for 
materials with relatively small in-plane thermal conductivity, due to the low sensitivity to 
in-plane heat transport. Measurements on graphene have been reported before10,47, and 
the approach with FD-MOKE presented here can serve to verify the validity for 
measurements on these ultra-thin layers. Here, the use of a thin transducer enhances the 
sensitivity to lateral heat transport. As seen in Figures 4.2(a) and (b) the experiment has 
enhanced sensitivity to the in-plane thermal conductivity of single-layer graphene and 
effective thermal boundary conductance across the Ni/graphene/SiO2 structure. We 
model the graphene layer as having a thickness of 0.335 nm and negligible out-of-plane 
thermal resistance and treat this together with the TBC of Ni/graphene and the TBC of 
graphene/SiO2. We performed measurements at several offsets, and the fitted value for 
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𝐾∥ of graphene is 636.6 ± 140 W/mK and the TBC across Ni/graphene/SiO2 is 17 ± 0.2 
MW/m2K. The measured in-plane thermal conductivity is in good agreement with our 
previous measurement through beam offset FDTR10 and with other literature 
values26,47,81. The TBC across Ni/graphene/SiO2 can be decomposed into a contribution 
of 47 MW/m2K for the Ni/graphene interface considering similar Metal/graphene 
conductance, and 27 MW/m2K for the graphene/SiO2 interface. Interestingly, all the 
previous measurements were done using Al or Ti transducers, and here using a Ni 
transducer we obtained a very similar thermal conductivity. This further strengthens the 
idea of Yang’s observation that the in-plane thermal conductivity of graphene is 
independent of the metal contact47. The reduction of the in pane thermal conductivity in a 
SiO2-supported geometry as opposed to a suspended geometry is due to boundary 
scattering from the SiO2, and it is expected that this could be enhanced by replacing the 
SiO2 support with h-BN. 
We now move to few-layer h-BN. As shown in Figure 4.2(c), the measurement 
sensitivity to both in-plane thermal conductivity and effective TBC across the Ni/h-
BN/SiO2 interfaces is comparable to the case of graphene. We perform these 
measurements for a 4-layer h-BN film by performing measurements with several beam 
offsets (Figure 4.5(b)). We model the 4-layer h-BN as an interface having a thickness of 
1.33 nm and negligible out-of-plane thermal resistance and treat this together with the 
TBC of Ni/h-BN and the TBC of h-BN/SiO2. The fit yields 𝐾∥ of h-BN to be 242 ± 21.9 
W/mK, and the TBC across Ni/h-BN/SiO2 to be 19.6 ± 0.3 MW/m2K. We also measured 
the thermal properties of a 20-layer h-BN film with several beam offsets and obtained 𝐾∥ 
of 270 ± 28.2 W/mK, and TBC across Ni/h-BN/SiO2 of 23.1 ± 0.2 MW/m2K. The measured 
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thermal conductivity is lower than the reported bulk value of 390 W/mK48 at room 
temperature but in line with the reported 250 W/mK value obtained for 5 layers101, 227–
280 W/mK for 9 layers102, and 360 W/mK for a 11-layer h-BN sample101.  Similarly to 
these reports, we also find an increasing trend for the in-plane thermal conductivity of h-
BN with the number of layers. The dependence with sample thickness has been ascribed 
to surface scattering, which is reduced for thicker films. 
For the case of MoS2, the thermal conductivity of the bulk crystal was measured to 
be between 85–110 W/mK as a function of laser spot size through TR-MOKE58. However, 
there is a large discrepancy in the reported values for single and two-layer MoS2, and 
there is no apparent systematic trend for the reported thermal conductivity as function of 
the number of layers. We performed measurements on single and two-layer MoS2 (Figure 
4.5 (c)) for several beam offset values. The fit gives 𝐾∥ of 63.12 ± 22.16 W/mK and TBC 
across Ni/ MoS2/SiO2 of 15 ± 0.2 MW/m2K for single-layer MoS2 and 𝐾∥ of 74.2 ± 10.1 
W/mK and TBC of 13 ± 0.2 MW/m2K for the two-layer MoS2. The relatively large 
uncertainty in the single-layer film is due to the reduced in-plane heat flux in this structure. 
The trend of 𝐾∥ with thickness is opposite to the values of 84 W/mK for single-layer MoS2 
and 77 W/mK for two-layer MoS2 measured by Raman optothermal technique103 and the 
prediction from first-principles calculations104. The apparent discrepancy may be due to 
larger error in the value obtained for single-layer MoS2, or due to scattering induced by 
the supporting SiO2, as literature data on 1- and 2-layer MoS2 is obtained for suspended 
samples. 
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4.8   Summary 
 
We have implemented a new technique, frequency domain magneto-optical Kerr effect 
(FD-MOKE) to enhance the sensitivity to lateral heat transport and measure the thermal 
conductivity of anisotropic materials including atom-thick materials. Using this technique, 
we measured the anisotropic thermal conductivity of a wide range of 2D materials which 
are interest for novel device applications.  We performed the first experimental study on 
bulk MoSe2 crystal, and our measured value is in good agreement with recently reported 
nm thick MoSe2 film. The suppressed apparent thermal conductivity of bulk WS2 crystal 
indicates strong deviations from Fourier heat transport which is due to the small optical 
spot size and high-frequency modulation and agrees well with theory. Due to the 
enhancement in experimental sensitivity, we are also able to perform measurements on 
single, and few-layer 2D materials and measured conductivities are comparable to that 
of bulk and will provide guidance towards the design of emerging devices based on 2D 
layered materials.  Overall, this technique will allow more robust measurements on 2D 
layered materials including one-atom thick films and the measured values will provide a 
better understanding of the heat dissipation problems in the thermal management of 
nanoelectronic and optoelectronic devices based on these materials. 
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CHAPTER 5 
Thermal Transport in Printed Films of 2D Inks3 
 
5.1  Overview  
 
Graphene and other 2-dimensional (2D) materials are the subjects of intense research 
due to their distinct properties and potential applications particularly in electronics and 
optoelectronics34–37. Solution-processed 2D materials can accelerate the progress even 
further due to their compatibility with flexible substrates, large scale, and low-cost device 
fabrication11,12,14. In addition, printed films of such inks could have potential use in thermal 
and thermoelectric applications. However, very little is known about the thermal properties 
of 2D-materials based inks due to the challenge and complexity associated with 
measuring their thermal properties, which are highly anisotropic. In order to develop 
applications based on the thermal properties of 2D-materials based inks, it is of 
fundamental importance to understand the relation between structure and property, and 
to determine how electron and heat transport relate in 2D materials. Here, we present 
simultaneous anisotropic thermal conductivity and thermal boundary conductance (TBC) 
measurements of graphene, h-BN, and MoS2 thin films, produced by ink-jet printing of 
water-based 2D-materials inks13. The measured in plane thermal conductivity is 
surprisingly found to be independent of intrinsic properties and film thickness, and is 
mainly limited by flake to flake attachment and flake size. High thermal anisotropies are 
                                            
3 This chapter will be submitted for publication with contributions from co-authors K Parvez, C Dun, 
C Casiraghi, and S. Pisana. This chapter has also been presented in APS March Meeting, 2019105. 
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observed together with ultra-low cross-plane thermal conductivity well below 0.5 W/mK 
which is even smaller than the minimum predicted thermal conductivity for these 
materials. The ultralow thermal conductivity of these disordered materials is induced by 
the random stacking of individual flakes and layer spacing and might have potential 
applications in thermal and thermoelectric. Enhancement in both electrical and in-plane 
thermal conductivities are observed with annealing at different temperatures. 
 
5.2   Sample Preparation  and Sensitivity Analysis 
 
Graphene, h-BN, and MoS2 ink samples were prepared over a range of thicknesses by 
inkjet printing liquid phase exfoliated crystals on the surface of an oxidized Si wafer with 
a thick oxide layer13. The thickness of the thin films was varied by changing the number 
of printing passes. The effects of annealing on thermal and electrical conductivities of 
these films were observed by vacuum annealing at  150C and at 300C. To perform the 
thermal conductivity measurements, these films were coated with (40-50nm) Al 
transducers by sputter deposition and the Al thickness was measured by white light 
interferometry or picosecond acoustics. The thermal conductivity of the metal layer was 
calculated from 4-point probe electrical measurements via the Wiedemann-Franz law. 
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Figure 5. 1 Sheet resistance as a function of the thickness of the graphene films printed 
on Si/SiO2 substrate before and after annealing. 
 
We measured the sheet resistance of the graphene films before and after annealing. The 
sheet resistance of the graphene thin films decreases with increasing thickness and also 
there is a significant decrease in sheet resistance on the annealed sample as shown in 
Figure 5.1. The substantial increase (~200%) in electrical conductivity with annealing 
suggests that improved bonding between adjoint sheets significantly reduces the barrier 
to electron conduction.  
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Figure 5. 2 depicts the sensitivity of the measured thermal phase to changes in various 
parameters on Al(40nm)/Graphene(225nm)/SiO2/Si structure. 
 
           In thermoreflectance measurements, the sensitivity analysis tells us how a 
parameter influences the measurement response. In order to fit an unknown parameter 
in the diffusive model, this parameter should be very sensitive ( >0.05) and distinct from 
the other parameters, otherwise it can lead to substantial uncertainties in the derived 
values. We considered an Al(40nm)/graphene(225nm)/SiO2/Si system to analyze 
sensitivity to different parameters. The sensitivity of the measured thermal phase signal 
due to in-plane and out of plane thermal conductivities of graphene and TBC of 
Al/graphene is depicted in Figure 5.2 for a wide range of modulation frequencies. These 
three parameters have high sensitivities and are also easily distinguishable because of 
their distinct frequency dependence. Hence, we can fit these three parameters 
simultaneously and extract three parameters from a single concentric measurement 
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without the necessity of incorporating other techniques like beam offsetting or 
heterodyning. The sensitivity to anisotropic thermal conductivity and TBC for other printed 
films measured in this paper is similar to that of graphene. 
 
5.3   Thermal Conductivity Measurements 
 
We employed frequency domain thermoreflectance technique (FDTR) to measure the 
thermal properties of these printed films. In our FDTR system, the phase lag between 
heat flux generated by a pump laser and the surface temperature rise of the sample 
observed by a reflected probe laser is measured ,which contains information about the 
thermal properties of the sample. The phase lag is then used to extract unknown thermal 
properties of the sample by fitting this measured temperature response to the solution of 
the  heat diffusion equation6,7,9. Reduction of the laser spot’s size to ~1.5 microns allows 
us to perform FDTR over a wide range of frequencies from 50 KHz to 50 MHz, which 
increases the sensitivity to anisotropic thermal conductivity of the films and thermal 
boundary conductance (TBC) between the films and the Aluminum layer deposited above 
it to perform the thermal measurements. Consequently, the in-plane and cross-plane 
thermal conductivities of the three printed films and their TBCs  are measured  
concurrently. Experimental data with the analytical fitted solution for the h-BN film is 
shown in Figure 5.3 and is representative. 
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Figure 5. 3 Experimental phase data (symbols) with fitted analytical solution (solid lines) 
for the Al/h-BN/SiO2/Si structure. 
 
5.4   Results and Discussions  
 
At first, we performed direct measurements through FDTR on a series of pristine and 
annealed graphene films over a range of thickness values (231nm-424nm). The 
measured in-plane and out of plane thermal conductivities are found independent of 
thickness (Figure 5.4 a)) which is due to the dominance of diffusive phonons with short 
mean free paths. The overall in-plane thermal conductivity of graphene film is found to be 
8.5 ± 0.1 W/mK. However, an increasing trend in in-plane thermal conductivity of 
graphene film is observed with annealing as a function of temperature. The in-plane 
thermal conductivity of graphene film with annealing increased to 11.5 ± 0.2  W/mK at  
150 C and 13.38 ± 0.2  W/mK at 300 C (Figure 5.4(a)). We then performed another set 
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of measurements on a thinner series of graphene films (75nm-220nm) and did not 
observe any thickness dependency and got an average in-plane thermal conductivity 
value of 9 ± 0.2 W/mK before annealing and 11.1 ± 0.2 W/mK after annealing at 150 C 
(Figure 5.4(b)). The annealing is likely to remove water residues and to thermally degrade 
the binder and pyrene that were present in the ink. The improvement in thermal 
conductivity with annealing at 300C  is maximum at about 50%, a modest improvement 
compared to the more than 200% improvement in electrical conductivity. The increase in 
thermal conductivity with the annealing suggests an improvement in the flake-to-flake 
bonding, where stiffer bond would allow a broader phonon spectrum to be transmitted. 
The difference in enhancement between electrical conductivity and thermal conductivity 
suggests that the improved bonding reduces the barrier to electron conduction much 
more so than for phonons. 
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Figure 5. 4 In-plane thermal conductivities of printed films as a function of the thickness 
before(red) and after annealing(black). 
 
The measured out of plane thermal conductivity of graphene thin film is even lower 
than predicted from the minimum thermal conductivity model for disordered crystals and 
also there is no change in out of plane thermal conductivity before and after annealing. 
The overall out of plane thermal conductivity before annealing is 0.31 ± 0.02 W/mK ,and 
0.30 ± 0.02 after annealing. The ratio of anisotropy is 22:1 (before annealing), and 36:1 
(after annealing).  
Then, we conducted direct measurements on similar flake size h-BN thin films over 
a wide range of thicknesses (180nm-1180nm). Similar to graphene, no thickness 
dependence on h-BN thin films is observed (Figure 5.4(c)). The average in-plane thermal 
conductivity of the h-BN thin film is  8.3 ± 0.1 W/mK before annealing and 10.1 ± 0.1 
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W/mK after annealing at 1500C. The measured in-plane thermal conductivity of 
nanometer flake size h-BN ink is about half of the reported in-plane thermal conductivity 
of h-BN laminate with micron scale flake size106. The improvement in thermal conductivity 
with annealing for h-BN thin film is ~22%. However, the out of plane thermal conductivity 
of the h-BN film is higher than graphene thin film and the average value is 0.49 ± 0.01 
W/mK before annealing and 0.48 ± 0.02 W/mK after annealing. The measured 
conductivity is also found to be highly anisotropic with a ratio of 17:1 (before annealing) 
and 21:1 (after annealing).  
 
Finally, we carried out thermal measurements on printed MoS2 films for various 
thicknesses.  The measured in-plane thermal conductivity as a function of thickness is 
shown in Figure 5.4(d), and no thickness dependency is observed. The average in-plane 
thermal conductivity of MoS2 thin film is  7.8 ± 0.2 W/mK before annealing and 8.8 ± 0.3 
W/mK after annealing. To our knowledge, there is no reported thermal conductivity value 
in the literature to compare to. The measured out of plane thermal conductivity is 0.31 ± 
0.02 W/mK before annealing and 0.3 ± 0.01 W/mK after annealing. The improvement in 
thermal conductivity with annealing is 13% compared to 22% for h-BN, and 35% for 
graphene and the anisotropic ratio is 17:1 (before annealing) and 21:1 (after annealing). 
In each case, the error bar represents the confidence interval obtained from several 
measurements on each line. 
 
77 
 
10 11 12
0
50
100
150
200
250
(b)
 
 
K
||
 of graphene (W/mK)
(a)
0.24 0.28 0.32 0.36 0.40 0.44
0
50
100
150
200
250
300
350
 
 
K
⊥
 of graphene (W/mK)  
 
Figure 5. 5 Monte Carlo histogram for annealed graphene thin film ( 𝑘∥ = 11 ± 0.56 W/mK    
and   𝑘⊥ = 0.33 ± 0.03 W/mK). 
 
In order to estimate the propagation of all possible errors in the input parameters, 
a robust uncertainty calculation is done in all three samples thorough the Monte Carlo 
computational method. Nominal input parameters of the diffusive heat model are selected 
randomly.  The parameters are considered to have a normal distribution about its mean 
value with a standard deviation which is estimated from several independent 
measurements. The uncertainty in Al thickness is 4%, in plane thermal conductivity of Al 
5%,  the thickness of the substrate 5%, the thickness of the ink 4%, and RMS spot size 
4%. Additionally, the uncertainty in the measured phase originating from the experimental 
noise of 0.1 degrees is also included. In our model, the volumetric heat capacity of inks 
is initially considered similar to their bulk value. However, here, we randomly selected the 
volumetric heat capacity from 85% of the bulk value to the original bulk value. This is 
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based on the fact that the volumetric heat capacity can be slightly lower than the original 
bulk value due to the presence of other additives during the time of ink formulations. The 
effect of volumetric heat capacity in thermal conductivities is comparatively small and 
lowering the heat capacity slightly reduces the in-plane thermal conductivity and 
increases the out of plane conductivity. Then using the input parameters, the 
experimental data are fitted to the diffusive heat equation to extract the fitting parameters 
that minimize the error between the model and experiment. We repeated the procedure 
2000 times until the outcomes converge to a normal distribution. For each Monte Carlo 
run, both the fitted parameters and goodness of fit were recorded, the latter was used to 
weigh the value of its associated parameter for statistical significance. We calculated the 
weighted mean value and the standard deviation. The resulting histograms of in-plane 
thermal conductivity and out of plane thermal conductivity of the annealed graphene thin 
film is shown in Figure 5.5. The in-plane thermal conductivity is found as 11 ± 0.56 W/mK 
, while the out of plane thermal conductivity is 0.33 ± 0.03 W/mK. 
 
In spite of their similar layered structure, these 2D materials have intrinsically 
different thermal conductivities. Graphene has extremely high in-plane conduction due to 
the strong sp2  bonding and relatively small mass of carbon atom. While the in-plane 
thermal  
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Figure 5. 6 Summarized (a) in plane thermal conductivity, (b) out of plane thermal 
conductivity, and (c) thermal boundary conductance with Al layer before(circle) and after 
annealing(rectangle) of graphene(black), h-BN(red), and MoS2(navy) films. 
 
conductivity of graphene is ~3000 W/mK24,25 on a suspended geometry and ~1000 
W/mK10,47,84 on a supported geometry at room temperature, the in-plane thermal 
conductivities of h-BN and MoS2 are ~350 W/mK48 and ~85 W/mK58 respectively.  
However, the measured in-plane thermal conductivities of printed graphene, h-BN, and 
MoS2 films are surprisingly lower than their intrinsic thermal properties and also 
indistinguishable from each other. The averages in-plane thermal conductivities of these 
three printed films are shown in Figure 5.6 (a). The similar and overall low K|| values of 
these films indicate that the heat conduction is mainly limited by extrinsic factors such as 
the flake size and flake to flake attachment, rather than their intrinsic thermal properties.  
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The flake size dependent thermal conductivity was previously confirmed on the micron-
scale size graphene106 and h-BN laminate107. 
Although the in-plane thermal conductivities of these films are similar, the out of plane 
thermal conductivities are substantially different. The averages of the out of plane thermal 
conductivities of these three printed films are shown in Figure 5.6(b). The ultra-low cross-
plane conductivities are surprising considering that in the literature a high density of 
interfaces among dissimilar materials are needed to obtain values below ~1 W/mK108,109 
or an extreme disorder as in the case of amorphous carbons is required to achieve these 
low values. As an example, an ultralow thermal conductivity of 0.33 W/mK was reported 
at room temperature in MLs made of Au and Si with a high interfacial density of ~ 0.2 
interface/ nm110. Here a range of values from ~0.32 W/mK (graphene, MoS2) to 0.47 
W/mK (h-BN) are obtained by layering relatively ordered structures which are made of 
stacked platelets that form a random incommensurate network with very weak Van Der 
wall bonds, rather than a crystal-like structure. 
Since we also have enough sensitivity to TBC with the metallic layer, we also 
concurrently measured the TBCs of three films with Al. The measured TBCs for these 
three films are quite low and in line with previously measured Al/bulk graphite9,10. This 
low boundary conductance can be attributed to the factor of five times phonon frequency 
mismatch between the Al and 2D crystals. The measured TBCs for all three films are 
shown in Figure 5.6(c).  
In order to gain further insight into the heat conduction of these printed films, we 
theoretically calculated the in-plane thermal conductivity of the graphene film following 
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the approach of H Malekpour et al.106. The in-plane thermal conductivity of graphene is 
given by:106 
 𝐾 = 𝐾𝑥,𝑥 =
1
𝐿𝑥𝐿𝑦𝐿𝑧
∑ ℏ𝜔𝑠(?⃗?)𝜏(𝜔𝑠(?⃗?))𝜐𝑥,𝑠𝜐𝑥,𝑠
𝜕𝑁0
𝜕𝑇
𝑠,?⃗?
 (27) 
 
where  𝜏(𝜔𝑠(?⃗?)) is the relaxation time for a phonon with the frequency 𝜔𝑠(?⃗?) from 
the sth acoustic phonon branch, s = Longitudinal Acoustic (LA), Transverse Acoustic (TA), 
and Flexural Acoustic/ out of plane Acoustic (ZA), ?⃗? is the three dimensional phonon wave 
vector, 𝜐𝑥,𝑠 is the projection of phonon group velocity, 𝑁0 =  
1
(exp [
ℏ𝜔𝑠
𝐾𝐵𝑇
]−1)
 is the Bose-
Einstein distribution function,  𝐿𝑥, 𝐿𝑦, 𝑎𝑛𝑑 𝐿𝑧 are the sizes of the sample, ℏ is the reduced 
Plank constant, and T is temperature.  
The phonon transport in graphene layer is two dimensional for phonons with 
frequencies  𝜔𝑠 > 𝜔𝑐,𝑠 and three dimensional for phonons with frequencies 𝜔𝑠 ≤ 𝜔𝑐,𝑠
106 , 
where 𝜔𝑐 is low-bound cut-off frequency, 𝜐𝑠
⊥ =
𝜔𝑐,𝑠
𝑞𝑧,𝑚𝑎𝑥
  is the projection of group velocity 
of sth phonon branch, and 𝜔𝑐,𝑠 is the phonon frequency of sth branch at the A-point of the 
graphite Brillouin zone. Equation 27 can be rewritten for the 2-dimensional and 3-
dimensional parts as below106  
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 𝐾3𝐷 ≡
ℏ2
4𝜋2𝐾𝐵 𝑇2
∑
1
𝜐𝑠⊥
𝑠=𝐿𝐴,𝑇𝐴,𝑍𝐴
∫ [𝜔𝑠
∥(𝑞∥)]
3
𝜔𝑐,𝑠
0
 𝜏(𝜔𝑠
∥)(𝜐𝑠
∥)(𝑞∥))
exp (
ℏ𝜔𝑠
∥
𝐾𝐵𝑇
)  
[exp (
ℏ𝜔𝑠∥
𝐾𝐵𝑇
) − 1]2
𝑞∥𝑑𝜔𝑠
∥ 
(
28) 
 
 𝐾2𝐷 =
ℏ2
4𝜋2𝐾𝐵 𝑇2
∑
𝜔𝑐,𝑠
𝜐𝑠⊥
𝑠=𝐿𝐴,𝑇𝐴,𝑍𝐴
∫ [𝜔𝑠
∥(𝑞∥)]
2
𝜔𝑚𝑎𝑥,𝑠
𝜔𝑐,𝑠
 𝜏(𝜔𝑠
∥)(𝜐𝑠
∥)(𝑞∥))
exp (
ℏ𝜔𝑠
∥
𝐾𝐵𝑇
)
[exp (
ℏ𝜔𝑠∥
𝐾𝐵𝑇
) − 1]2
𝑞∥𝑑𝜔𝑠
∥ 
(
29) 
 
Figure 5.7(a) shows the calculated thermal conductivity of graphene film as a function of 
defect scattering strength (Γ) for several flake sizes. The dashed lines consider two 
phonon scattering mechanisms: Umklapp scattering (𝜏𝑈(𝜔𝑠
∥) =
𝑀𝜐𝑠
2𝜔𝑚𝑎𝑥,𝑠
𝛾𝑠
2𝐾𝐵𝑇[𝜔𝑠∥]2)
 ) and flake 
boundary scattering (𝜏𝑏(𝜔𝑠
∥) =
𝐷
𝜐𝑠∥
, ) whereas solid lines also include point defect 
scattering (𝜏𝑝𝑑(𝜔𝑠
∥) =
4𝜐𝑠
∥
𝑆0Γ𝑞[𝜔𝑠∥]2
 ) into consideration which has a much stronger effect. 
Here, 𝛾𝐿𝐴 = 2, 𝛾𝑇𝐴 = 1, and 𝛾𝑍𝐴= -1.5 are the branch-dependent average Gruneisen 
parameters, 𝜔𝑚𝑎𝑥 is the maximal frequency of the sth branch, 𝑆0 is the cross-section area 
per atom, and M is the graphene unit cell mass. The total phonon relaxation time 𝜏 was 
calculated from the Matthiessen’s rule: 
1
𝜏
=
1
𝜏𝑈
+
1
𝜏𝑏
+
1
𝜏𝑝𝑑
. 
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Figure 5. 7 Calculated thermal conductivity as a function of  (a) defect scattering strength 𝛤 for 
several flake sizes (b) flake size. 
 
For all the printed films the accepted value of Γ is ≤0.1 based on elemental analysis of 
any potential impurities, which leads to an in plane thermal conductivity of ~60 W/mK for 
a 1-micron sized flake. Hence, for inter-flake K|| to reduce to the measured values, a very 
large scattering would be needed which is not plausible, and thus the intrinsic K|| seems 
irrelevant to the overall observed value. This is also confirmed by the similarly low thermal 
conductivities measured for these three printed films despite having distinct and very high 
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intrinsic conductivities in their layered form. The black curve in Figure 5.7 (b) shows the 
calculated thermal conductivity as a function of flake size considering Umklapp and 
boundary scattering.  Since these printed films are in ink  form, flake to flake attachment 
is crucial but it has not been taken into account in the model description by H Malekpour 
et al. for graphene laminate106. We included flake coupling in the model by assuming that 
on average a TBC is inserted in series after every flake, obtaining  the red curve in Figure 
5.7 (b). Adding an intra-flake conductance of 14 MW/m2K, as previously determined111, 
yields a reasonable agreement with the measured conductivity. A similar value for intra-
flake conductance of 15 MW/m2K  has also been recently reported112. Thus, the measured 
in-plane thermal conductivity of graphene film is independent of its intrinsic property and 
limited by flake size and more so by flake coupling.  
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Figure 5. 8 Minimum out of plane thermal conductivities of graphite(black), h-BN(red), and 
MoS2(blue) as a function of temperature. 
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The measured out of plane thermal conductivities are extremely low. To gain 
confidence in our experimental measurements, we then compared the measured out of 
plane thermal conductivities with predicted thermal conductivities for three printed films 
using the minimum thermal conductivity model (MCM)113.  The minimum thermal 
conductivity is defined as113 
 Λ𝑚𝑖𝑛 = (
𝜋
6
)
1/3
𝐾𝐵𝑛
2/3 ∑ 𝑉𝑖
𝑖
(
𝑇
𝜃𝑖
)
2
∫
𝑥3𝑒𝑥
(𝑒𝑥 − 1)2
𝑑𝑥
𝜃𝑖
𝑇
0
 (30) 
Here, the sum is taken over three sound modes (two transverse and one 
longitudinal) with sound speed 𝑉𝑖, and 𝜃𝑖 = 𝑉𝑖  (
ℏ
𝐾𝐵
) (6𝜋2𝑛)1/3 , where n is the number 
density of atoms.  
This model yields the minimum conductivity in the extreme disorder limit, which is 
a reasonable starting point for the incommensurate stacking in the films. The solid lines 
in Figure 5.8 show the minimum thermal conductivities as a function of temperature for 
graphite, h-BN, and MoS2, which are  still higher than the experimentally measured 
values. In the ink form, expansion in layer spacing is expected to take place due to the 
presence of residual surfactants. The relative out of plane thermal conductivity as a 
function of average expansion 𝜇 is given by114 
 
< 𝐾 >𝜇
𝐾0
=
1 − 𝑎𝜇
1 + 𝜇/(1 − 𝑎𝜇)
 (31) 
 
where a = 25.5 is the fitting parameter. This dependence was derived from first 
principle studies of 2D crystals with incommensurate stacking.  The dashed lines depict 
the reduction in the room temperature minimum thermal conductivities values  by taking 
a 2% out of plane expansion into account, and this amount of increase in flake spacing 
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recovers the experimental data.  Thus, the reduction of out of plane thermal conductivity 
is mainly due to the expansion in layer spacing and stacking disorder. Remember 
stacking disorder is the starting point for the MCM. Here, we  are referring to the small 
effect of staking disorder observed by first principles, but we are not discussing this here. 
A very recent theoretical study has also confirmed that a 2% lattice expansion explains 
the experiments performed on similar layered compound114.  
 
5.5   Summary 
 
We have investigated the thermal properties of graphene, h-BN, and MoS2 films 
produced by ink-jet printing of water-based 2D-materials inks. The measured thermal 
conductivities are independent of thickness and intrinsic thermal properties, and are 
very anisotropic with a ratio of about 20-35:1. The value of the measured in-plane 
thermal conductivities of these films are very close to each other, and it was determined 
both theoretically and experimentally that the in-plane thermal conductivity is mainly 
limited by flake size and flake coupling. The measured value of the out of plane thermal 
conductivity of graphene film was found to be  extremely low, in fact lower than any 
other crystalline carbon. The out of plane thermal conductivity is then theoretically 
confirmed to be affected by random flake stacking and interstitial molecules. The 
electrical and thermal conductivities of these printed films are not strongly correlated. 
The measured electrical and thermal conductivities will be very useful for the 
development of electronic and optoelectronic devices produced by inkjet printing. 
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CHAPTER 6 
Conclusion and Outlook 
 
6.1   Summary of the thesis 
 
Optical pump-probe techniques are well recognized for the direct measurements of the 
thermal properties of thin films and bulk materials such as thermal conductivity and 
thermal boundary conductance (TBC). However, typically these techniques are not 
sensitive to in-plane heat transport. Although anisotropic materials are attractive for a 
wide range of device applications due to their distinct properties, measuring anisotropic 
thermal properties of these materials are challenging because of the low sensitivity to 
lateral heat transport. The study and characterization of heat transport on anisotropic 
materials can solve the heat dissipation problem on emerging devices based on these 
materials. Hence, it is necessary to measure directly the anisotropic thermal conductivity, 
and thermal boundary conductance simultaneously.   
         In chapter 2, I explained the theoretical modeling and experimental setup with all 
the optics required to carry out measurements through frequency domain 
thermoreflectance technique to measure the thermal properties of thin films and 
interfaces. FDTR has several advantages over TDTR. A small RMS laser spot size allows 
us to go to a very high modulation frequency of up to ~100MHz without incorporating 
other complicated techniques allowing the study of thin materials and non-diffusive 
transport. Chapter 3 presents the extension of FDTR to beam offset FDTR which 
enhances the sensitivity to in-plane heat transport. Through beam offset-FDTR we have 
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measured the anisotropic thermal properties of a range of materials, including single layer 
graphene on SiO2, which is promising for novel electronic devices. Measuring thermal 
properties of 2D layered materials, mainly single and few layers requires further 
enhancement in sensitivity. To measure the anisotropic thermal properties of 2D layered 
materials including single and few layers, we have implemented frequency domain 
magneto-optical Kerr effect which is described in chapter 4. Applying this approach, we 
have measured the thermal properties of a range of 2-dimensional layered materials 
including single-layer graphene, few-layer h-BN, single and two-layer MoS2, and bulk 
single crystal MoSe2 and single crystal WS2 which are of also great interest for emerging 
device applications. Furthermore, over the last few years, solution-processed 2D 
materials have shown promises due to the ease and low-cost of fabrication. Chapter 5 
illustrates the simultaneous measurements of anisotropic thermal conductivity and 
thermal boundary conductance (TBC) of graphene, h-BN, and MoS2 thin films produced 
by ink-jet printing of water-based 2D-material inks. We also observed ultra-low cross-
plane thermal conductivities much below 0.5 W/mK in these printed films, even smaller 
than predicted from the minimum thermal conductivity model. The effect of annealing is 
observed in these films at different temperatures. 
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6.2    Outlook 
 
The work in this thesis has contributed to the study of anisotropic thermal transport in 
nanoscale materials and devices through the development of extended experimental 
tools and measurements. The extended techniques will help investigate the thermal 
properties of anisotropic materials, composite and devices more accurately with 
enhanced sensitivity. It will be now more accessible to measure the thermal properties of 
polymer nanocomposites using these techniques which are highly anisotropic in nature 
and promising for thermoelectric applications. The transducer thickness can be 
decreased to ~10 nm, which further enhances the sensitivity to lateral heat transport. In 
addition to that, reducing the laser spot has helped reach higher modulation frequency 
and lead to the study of non-diffusive phenomena efficiently. The  thermal and electrical 
measurements on printed films made of 2D materials based inks would help develop 
applications based on the thermal and electrical properties of these materials. In short, 
the developed techniques in this thesis will be essential tools to characterize anisotropic 
materials which can improve the efficiency of electronic devices based on these novel 
materials. 
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